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(57) Abstract: Organic circuit elements and methods are disclosed. An oiganic circuit element includes a plurality of members, each 
of which includes an oligonucleotide duplex. The plurality of members includes at least one donor member for receiving conduction 
electrons from an electron donor, at least one acceptor member for communicating with an electron acceptor to provide a region of 
attraction for the conduction electrons, and at least one regulator member intersecting with at least one of the plurality of members 
to define at least one electric field regulation junction, for cooperating with an electric field regulator to regulate an eiectric tleid at 
the junction. A meihou of regulating an electronic signal between first and second locations in a conductive nucleic acid material 
includes varying an electrostatic potential at a third location in the nucleic acid material interposed between the first and second 
locations. The third location may include the regulation junction. 



BEST AVAILABLE COPY 



wo 02/095840 Al iilililiiilllUiliniiiilHIIUIIillii 



For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



wo 02/095840 



PCT/CA02/00769 



-1- 

NUCLEIC ACID CIRCUIT ELEMENTS AND METHODS 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims priority from United States provisional patent 
application serial number 60/292,881, filed May 24, 2001, whicii is hereby 
5 incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

1. Field of Invention 

The present invention relates to nucleic acids, and more particularly, to 
organic circuit elements and related methods. 

10 2. Description of Related Art 

The field of organic electronics has been given increased attention in an effort 
to create inexpensive circuit elements which operate on the molecular level to 
facilitate ever-increasing density requirements of producing smaller circuits. 
Today's silicon-based microelectronic devices have a minimum size between 

15 electrical components of about a tenth of a micron. But in molecular 

electronics, nanometer-sized components could yield chips exponentially 
more powerful than anything of a comparable size today or computing devices 
unimaginably tiny by contemporary standards. Moreover, the search for 
flexible circuits which are compatible with plastic substrates to produce 

20 digitized versions of newspapers, product labels and integrated circuits, for 

example, has led to the investigation of organic materials as electronic 
devices. 

In this regard, biological materials such as DMA are of interest because of the 
potential for molecular recognition and the ability to synthesize them using 
25 biological machinery. Moreover, due to its importance in living organisms, 

DNA has been subjected to a wide range of structural, kinetic, and 
thermodynamic probes (Gelbart et al., 2000). However, recently, 
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measurements of electrical transport through individual short DNA molecules 
indicate wide-band gaps semiconductor behavior (Porath et al., 2000), while 
other measurements of DNA hairpins have indicated that DNA is only 
somewhat more effective than proteins as a conductor of electrons (Lewis et 
5 al., 1997; Taubes. 1997). United States Patent Nos. 5,591,578; 5,705,348; 

5,770,369; 5,780,234 and 5,824,473 issued to Meade et al. on, respectively, 7 
January 1997, 6 January 1998, 23 June 1998, 14 July 1998 and 20 October 
1998 (and incorporated herein by reference) disclose nucleic acids that are 
covalently modified with electron transfer moieties along the nucleic acid 
10 backbone. Meade et al. suggest that such modifications are necessary for 

nucleic acids to efficiently mediate electron transfer, 

A new form of conductive nucleic acid has recently been found which is 
described in International Patent Publication WO 99/31115, Aich et al., 1999, 
and Rakitin et al., 2000, all of which are incorporated herein by reference. M- 

15 DNA is a novel conformation of duplex DNA in which the imino protons of 

each base pair are replaced by a metal ion (such as Zn^*, Ni^* or Co^"*"). It has 
been shown by two independent methods (Aich et a!., 1999, and Rakitin et al.. 
2000) that M-DNA conducts electrons in contrast to normal duplex DNA, 
which is reportedly a semiconductor at best. Direct measurements of the 

20 conductivity of M-DNA were performed by stretching phage ?i-DNA between 

two electrodes separated by 3 to 10 microns (Rakitin et al., 2000). Indirect 
measurements of the conductivity were estimated from fluorescent lifetime 
measurements of duplexes with a donor fluorophore at one end and an 
acceptor fluorophore at the other (Rakitin et al., 2000, Aich et al., 1999). 

25 Upon conversion to M-DNA, the fluorescein of the donor was quenched and 

the lifetime was so short as to be only consistent with an electron transfer 
mechanism. The transfer of electrons from excited fluorophores indicates that 
M-DNA may for example be used in some embodiments as a molecular wire. 
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SUMMARY OF THE INVENTION 

In accordance with one aspect of the invention, there is provided an organic 
circuit element. The circuit element includes a plurality of members, each of 
which includes an oligonucleotide duplex. The plurality of members includes 
5 at least one donor member for receiving conduction electrons from an 
electron donor, at least one acceptor member for communicating with an 
electron acceptor to provide a region of attraction for the conduction electrons, 
and at least one regulator member intersecting with at least one of the 
plurality of members to define at least one electric field regulation junction, for 
10 cooperating with an electric field regulator to regulate an electric field at the 

junction. 

At least some of the plurality of members may include a conductive metal- 
containing oligonucleotide duplex. For example, each of the members may 
include such a conductive metal-containing oligonucleotide duplex. 
15 Alternatively, the at least one donor member and the at least one acceptor 
member may include such a conductive metal-containing oligonucleotide 
duplex. 

The organic circuit element may further include the electron donor in electrical 
communication with the donor member. Similarly, the organic circuit element 
20 may include the electron acceptor in electrical communication with the 

acceptor member. Alternatively, or in addition, the organic circuit element 
may include the electric field regulator in electrical communication with the 
regulator member. 

The donor member, the acceptor member and the regulator member may 
25 intersect to define the electric field regulation junction. 

Alternatively, the regulator member may intersect with one of the donor 
member and the acceptor member to define the electric field regulation 
junction. 
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Alternatively, the plurality of members may include a common member, and 
the donor member, the acceptor member and the regulator member may 
intersect the common member at first, second and third locations respectively, 
the third location defining the electric field regulation junction. 

5 The at least one regulator member may include a plurality of regulator 

members, the plurality of regulator members intersecting other respective 
members of the plurality of members to define the at least one electric field 
regulation junction. 

The conductive metal-containing oligonucleotide duplex may include a first 
10 nucleic acid strand and a second nucleic acid strand, the first and second 

nucleic acid strands including respective pluralities of nitrogen-containing 
aromatic bases covalently linked by a backbone. The nitrogen-containing 
aromatic bases of the first nucleic acid strand may be Joined by hydrogen 
bonding to the nitrogen-containing aromatic bases of the second nucleic acid 
15 strand. The nitrogen-containing aromatic bases on the first and the second 

nucleic acid strands may form hydrogen-bonded base pairs in stacked 
arrangement along a length of the conductive metal-containing 
oligonucleotide duplex. The hydrogen-bonded base pairs may include an 
interchelated metal cation coordinated to a nitrogen atom in one of the 
20 nitrogen-containing aromatic bases. 

The interchelated metal cation may include an interchelated divalent metal 
cation. 

The divalent metal cation may be selected from the group consisting of zinc, 
cobalt and nickel. 

25 Alternatively, the metal cation may be selected from the group consisting of the 
cations of Li, Be, Na. Mg, Al. K, Ca, So, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, 
Ge, As, Rb, Sr, Y, Zr, Nb, Mo. Tc, Ru, Rh. Pd, Ag. Cd, In, Sn, Sb. Cs, Ba, La. 
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Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho. Er, Tm, Yb. Lu, Hf, Ta, W, Re, Os, Ir, 
Pt. Au, Hg, Tl, Pb. Bi, Po, Fr, Ra, Ac, Th, Pa, U, Np and Pu. 

The first and the second nucleic acid strands may Include deoxyribonucleic 
acid and the nitrogen-containing aromatic bases may be selected from the 
5 group consisting of adenine, thymine, guanine and cytoslne. 

The divalent metal cations may be substituted for imine protons of the 
nitrogen-containing aromatic bases, and the nitrogen-containing aromatic 
bases may be selected from the group consisting of thymine and guanine. 

If desired, at least one of the nitrogen-containing aromatic bases may include 
10 thymine, having an N3 nitrogen atom, and the divalent metal cation may be 
coordinated by the N3 nitrogen atom. 

Alternatively, if desired, at least one of the nitrogen-containing aromatic bases 
may include guanine, having an N1 nitrogen atom, and the divalent metal 
cation may be coordinated by the N1 nitrogen atom. 

15 The electron donor may include an electrode operable to donate an electron 
to the donor member. 

Alternatively, or in addition, the electron donor may include an electron donor 
molecule capable of donating an electron to the donor member. The electron 
donor molecule may include a fluorescent molecule, such as fluorescein, for 
20 example. 

The electron acceptor may include an electrode operable to accept an 
electron from the acceptor member. 

Altematively, or in addition, the electron acceptor may include an electron 
acceptor molecule capable of accepting an electron from the acceptor 
25 member. The electron acceptor molecule may include a fluorescent 
molecule, such as rhodamine, for example. 
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The electric field regulator may include a regulator chromophore. The 
regulator chromophore may absorb radiation within a range of wavelengths. 

The electric field regulator may include a fluorescent molecule, such as 
fluorescein or rhodamine, for example. 

5 The electron acceptor may include a chromophore operable to emit radiation 
within a range of wavelengths in response to accepting an electron from the 
acceptor member. 

The electric field regulator may include an electrode, which may be operable 
to perform at least one of accepting an electron from the acceptor member 
10 and donating an electron to the donor member. 

The electric field regulator may include a plurality of states, each state of the 
plurality of states being selectable to produce a respective electrostatic 
potential at the electric field regulation junction. The states may be selectable 
in response to an applied external potential, or by irradiating the electric field 
15 regulator, for example. 

In accordance with another aspect of the invention, there is provided a system 
including an organic circuit element as described above, and further including a 
conductive medium for supplying conduction electrons to the electron donor and 
for receiving conduction electrons from the electron acceptor. 

20 The conductive medium may be operable to donate electrons to the electron 

donor, and may be operable to accept electrons from the electron acceptor to 
provide a closed circuitway for electrons to flow from the electron donor, through 
the donor member, through the electric field regulation junction, through the 
acceptor member, through the electron acceptor, and back to the electron 

25 donor. 

The conductive medium may include an aqueous solution. Or, the conductive 
m.edium may include a conductive wire. 
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In accordance with another aspect of the invention, there is provided a 
method of making an organic circuit element. The method includes annealing 
and treating a plurality of oligonucleotides to form a plurality of members, 
each member of the plurality of members including a pair of the 
5 oligonucleotides aligned to form a duplex portion. The plurality of members 

includes at least one donor member for receiving conduction electrons from 
an electron donor, at least one acceptor member for communicating with an 
electron acceptor to provide a region of attraction for the conduction electrons, 
and at least one regulator member intersecting with at least one of the 
10 plurality of members to define at least one electric field regulation junction, for 

cooperating with an electric field regulator to regulate an electric field at the 
junction. 

The method may further Include placing the electron donor in electrical 
communication with the donor member. Similarly, the method may include 
15 placing the electron acceptor in electrical communication with the acceptor 

member. Additionally, or altematively, the method may include placing the 
electric field regulator in electrical communication with the regulator member. 

Annealing and treating may include annealing and treating the plurality of 
oligonucleotides to fonm the plurality of members in a configuration in which 
20 the donor member, the acceptor member and the regulator member intersect 
to define the electric field regulation junction. 

Altematively, annealing and treating may include annealing and treating the 
plurality of oligonucleotides to form the plurality of members in a configuration 
in which the regulator member intersects with one of the donor member and 
25 the acceptor member to define the electric field regulation junction. 

Alternatively, the plurality of members may include a common member, and 
wherein annealing and treating include annealing and treating the plurality of 
oligonucleotides to form the plurality of members in a configuration in which 
the donor member, the acceptor member and the regulator member intersect 
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the common member at first, second and third locations respectively, the third 
location defining the electric field regulation junction. 

The plurality of members may include a plurality of regulator members, In 
which case annealing and treating may include annealing and treating the 
5 plurality of oligonucleotides to form the members In a configuration in which 
the plurality of regulator members intersect the plurality of members to define 
the at least one electric field regulation junction. 

Annealing may include annealing the plurality of oligonucleotides in conditions 
effective to form the duplex portion, and treating may include treating the 
10 plurality of oligonucleotides in conditions effective to form the at least one 

electric field regulation junction. 

The oligonucleotides may include a plurality of nitrogen-containing aromatic 
bases covalently linked by a backbone. 

The oligonucleotides may include a deoxyribonucleic acid including nitrogen- 
15 containing aromatic bases selected from the group consisting of adenine, 

thymine, guanine, cytosine, and uracil. 

The duplex portion may include a conductive metal-containing oligonucleotide 
duplex portion, the conductive metal-containing oligonucleotide duplex portion 
including a first strand and a second strand of the oligonucleotides, the 

20 nitrogen-containing aromatic bases of the first strand joined by hydrogen 

bonding to the nitrogen-containing aromatic bases of the second strand, the 
nitrogen-containing aromatic bases on the first and second strands forming 
hydrogen-bonded base pairs in stacked arrangement along a length of the 
conductive metal-containing oligonucleotide duplex portion, the hydrogen- 

25 bonded base pairs including an interchelated metal cation coordinated to a 

nitrogen atom in one of the nitrogen-containing aromatic bases. 



The interchelated metal cation may include an Interchelated divalent metal 
cation. 
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Annealing may include subjecting the plurality of oligonucleotides to a basic 
solution under conditions effective to forni the conductive metal-containing 
oligonucleotide duplex portion. 

The conditions effective to form the conductive metal-containing 
oligonucleotide duplex portion may include conditions effective to substitute 
the divalent metal cations for an imine proton of a nitrogen containing 
aromatic base in the . conductive metal-containing oligonucleotide duplex 
portion. 

The basic solution may have a pH of at least 7, and may have a nucleic acid 
to metal ion ratio of about 1:1 .5 to about 1:2.0, for example. 

The divalent metal cation may be selected from the group consisting of zinc, 
cobalt and nickel. 

Alternatively, the metal cation may be selected from the group consisting of the 
cations of Li, Be, Na, Mg, Al. K, Ca, So, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, 
Ge, As, Rb. Sr, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Cs, Ba, La, 
Ce. Pr. Nd, Pm, Sm, Eu, Gd. Tb. Dy, Ho. Er, Tm, Yb, Lu, Hf. Ta, W, Re, Os, Ir, 
Pt, Au, Hg, TI. Pb, Bi, Po, Fr, Ra, Ac, Th, Pa, U, Np and Pu. For example, in 
some ernbodiments, varying amounts of metal cations may be incorporated into 
a duplex, such as Zn^*, Ni^*. Co^^ Cd^*. Hg^^ Pt^* and Ag^\ where metal ions 
such as Cd^*, Hg^*, Pt^* and Ag^* may constitute only a portion of the metal ions 
in the duplex, in effect 'doping' the duplex. 

The divalent metal cations may be substituted for imIne protons of the 
nitrogen-containing aromatic bases, and the nitrogen-containing aromatic 
bases may be selected from the group consisting of thymine and guanine. 

If desired, at least one of the nitrogen-containing aromatic bases may include 
thymine, having an N3 nitrogen atom, and the divalent metal cation may be 
coordinated by the N3 nitrogen atom. 
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Similarly, at least one of the nitrogen-containing aromatic bases may include 
guanine, having an N1 nitrogen atom, and the divalent metal cation may be 
coordinated by the N1 nitrogen atom. 

The electron donor may include an electron donor molecule capable of 
donating an electron to the donor member. Similarly, the electron acceptor 
may include an electron acceptor molecule capable of accepting an electron 
from the acceptor member. 

The electron donor molecule may include a fluorescent molecule, such as 
fluorescein, for example. 

Similarly, the electron acceptor molecule may include a fluorescent molecule, 
such as rhodamine, for example. 

Alternatively, the electron donor may include an electrode operable to donate 
an electron to the donor member. 

Similarly, the electron acceptor may include an electrode operable to accept 
an electron from the acceptor member. 

The electric field regulator may include a fluorescent molecule, such as 
fluorescein or rhodamine, for example. 

The electric field regulator may include a regulator chromophore. If so, the 
regulator chromophore may absorb radiation within a range of wavelengths. 

The electron acceptor may include a chromophore operable to emit radiation 
within a range of wavelengths in response to accepting an electron from the 
acceptor member. 

Treating may include subjecting the plurality of oligonucleotides to a basic 
solution under conditions effective to form the electric field regulation junction. 
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The electric field regulator may include an electrode, which may be operable 
to perform at least one of accepting an electron from the acceptor member 
and donating an electron to the donor member. 

The electric field regulator may include a plurality of states, each state of the 
plurality of states being selectable to produce a respective electrostatic 
potential at the electric field regulation junction. 

In accordance with another aspect of the invention, there is provided a 
method of regulating an electronic signal between first and second locations 
in a conductive nucleic acid material. The method includes varying an 
electrostatic potential at a third location in the nucleic acid material interposed 
between the first and second locations. 

Varying may include selecting one of a plurality of states of an electric field 
regulator in communication with the third location, each of the states 
corresponding to a respective electrostatic potential at the third location. 

Selecting may include inradiating the electric field regulator. For example, if 
the electric field regulator includes a chromophore. or is selected from the 
group consisting of fluorescent molecules and chromophores, selecting may 
include irradiating the electric field regulator. 

Irradiating may include irradiating the chromophore to cause a negative 
electrostatic potential to be applied to the third location. 

Alternatively, selecting may include applying an external potential to the 
electric field regulator. For example, if the electric field regulator includes an 
electrode, and selecting may include applying an external potential to the 
electrode. 

Applying may include depositing at least one electron onto the electrode to 
apply a negative electrostatic potential to the third location. 
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Conversely, applying may include removing at least one electron from the 
electrode to apply a positive electrostatic potential to the third location. 

The method may further include producing the electronic signal. This may 
include causing electrons to flow from the first location to the second location, 
and may further include supplying electrons to the first location and receiving 
electrons from the second location, for example. 

The first location may include a location in a conductive nucleic acid electron 
donor member, the second location may include a location in a conductive 
nucleic acid electron acceptor member, and the third location may include at 
least one electric field regulation junction in electrical communication with the 
donor member and the acceptor member. If so, then varying may include 
varying the electrostatic potential at the at least one electric field regulation 
junction. 

The at least one electric field regulation junction may be in electrical 
communication with a conductive nucleic acid electric field regulator member. 
In such a case, varying may include selecting one of a plurality of states of an 
electric field regulator in electrical communication with the regulator member, 
each of the states corresponding to a respective electrostatic potential at the 
at least one electric field regulation junction. 

As noted above, selecting may include irradiating the electric field regulator, 
for example, where the regulator is selected from the group consisting of 
fluorescent molecules and chromophores, or is a chromophore. In the latter 
case, irradiating may include irradiating the chromophore to cause a negative 
electrostatic potential to be applied to the electric field regulafion junction, the 
negative electrostatic potential decreasing the ability of an electron to travel 
from the donor member to the acceptor member. 

Alternatively, selecting may include applying an external potential to the 
electric field regulator, for example, where the regulator includes an electrode. 
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In the latter case, applying may include depositing at least one electron onto 
the electrode to apply a negative electrostatic potential to the electric field 
regulation junction, the negative electrostatic potential decreasing the ability of 
an electron to travel from the donor member to the acceptor member. 
5 Conversely, applying may include removing at least one electron from the 

electrode to apply a positive electrostatic potential to. the electric field 
regulation junction, the positive electrostatic potential increasing the ability of 
an electron to travel from the donor member to the acceptor member. 

The method may further include placing the electron donor member, the 
10 electron acceptor member, and the regulator member in electrical 
communication with an electron donor, an electron acceptor, and the electric 
field regulator, respectively. 

The method may further include producing the electronic signal. Producing 
may include causing electrons to flow from an electron donor in 
15 communication with the electron donor member, to an electron acceptor in 

communication with the electron acceptor member. The method, may further 
include supplying electrons to the electron donor and receiving electrons from 
the electron acceptor. 

The at least one electric field regulation junction may include at least two 
20 electric field regulation junctions in electrical communication with at least two 

respective electric field regulators. If so, then wherein varying may include 
selecting one of a plurality of states of at least one of the at least two electric 
field regulators, each of the states corresponding to a respective electrostatic 
potential at the electric field regulation junction corresponding to the at least 
25 one of the at least two electric field regulators. 

The conductive nucleic acid material may include a plurality of members, each 
of which may include a conductive metal-containing oligonucleotide duplex. 
The plurality of members may include at least one donor member for receiving 
conduction electrons from an electron donor, at least one acceptor member 
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for communicating with an electron acceptor to provide a region of attraction 
for the conduction electrons, and at least one regulator member intersecting 
with at least one of the plurality of members to define at least one electric field 
regulation junction, for cooperating with an electric field regulator to regulate 
5 an electric field at the junction. In such a case, varying may include selecting 

one of a plurality of states of the electric field regulator, each of the states 
corresponding to a respective electrostatic potential at the electric field 
regulation junction. 

The conductive nucleic acid material may include a conductive metal- 
10 containing nucleic acid duplex. The duplex may include a regulator member 

in electrical communication with an electric field regulator, a donor member in 
electrical communication with an electron donor, and an acceptor member in 
electrical communication with an electron acceptor. In such a case, varying 
may include changing the state of the electric field regulator to vary an 
15 electrostatic potential at an electric field regulation junction joining the 

regulator member, the donor member, and the acceptor member, to regulate 
the signal. 

The conductive metal-containing nucleic acid duplex may include a nucleic 
acid duplex including a first nucleic acid strand and a second nucleic acid 

20 strand. The first and the second nucleic acid strands may include respective 

pluralities of nitrogen-containing aromatic bases covalently linked by a 
backbone. The nitrogen-containing aromatic bases of the first nucleic acid 
strand may be joined by hydrogen bonding to the nitrogen-containing aromatic 
bases of the second nucleic acid strand. The nitrogen-containing aromatic 

25 bases on the first and the second nucleic acid strands may form hydrogen- 

bonded base pairs in stacked arrangement along a length of the nucleic acid 
duplex. 

The method may further include producing the conductive metal-containing 
nucleic acid duplex. Producing may .include subjecting the nucleic acid duplex 
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to a basic solution in the presence of a metal cation under conditions effective 
to form the conductive metal-containing nucleic acid duplex, wherein the 
hydrogen-bonded base pairs of the conductive metal-containing nucleic acid 
duplex Include an interchelated metal cation coordinated to a nitrogen atom in 
5 one of the nitrogen-containing aromatic bases. 

More particularly, producing may include subjecting the nucleic acid duplex to 
a basic solution in the presence of a divalent metal cation under conditions 
effective to form the conductive metal-containing nucleic acid duplex, wherein 
the hydrogen-bonded base pairs of the conductive metal-containing nucleic 
10 acid duplex include an interchelated divalent metal cation coordinated to a 
nitrogen atom In one of the nitrogen-containing aromatic bases. 

The nucleic acid duplex may include a deoxyribonucleic acid duplex including 
nitrogen-containing aromatic bases selected from the group consisting of 
adenine, thymine, guanine and cytosine. 

15 The conditions effective to form the conductive metal-containing nucleic acid 

duplex may be effective to substitute the divalent metal cations for an imine 
proton of a nitrogen containing aromatic base in the nucleic acid duplex. 

The divalent metal cation may be selected from the group consisting of zinc, 
cobalt and nickel. Alternatively, the metal cation may be selected from the 
20 group consisting of the cations of Li, Be, Na, Mg, Al, K, Ca, Sc, Ti, V, Cr, Mn, Fe, 

Co, Ni, Cu, Zn, Ga, Ge, As, Rb, Sr, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, 
Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, 
Ta, W, Re, Os, Ir, Pt, Au, Hg, TI, Pb, Bi, Po, Fr, Ra, Ac, Th, Pa, U, Np and Pu. 

The basic solution may have a pH of at least 7, and may have a nucleic acid 
25 to metal ion ratio of about 1 :1 .5 to about 1 :2.0, for example. 

The electron donor may. include an electron donor molecule capable of 
donating an electron to the donor member. The electron donor molecule may 
include a fluorescent molecule, such as fluorescein, for example. 
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Similarly, the electron acceptor may include an electron acceptor molecule 
capable of accepting an electron from the acceptor member. The electron 
acceptor molecule may include a fluorescent molecule, such as rhodamine, 
for example. 

5 Alternatively, or in addition, the electron donor may include an electrode 
operable to donate an electron to the donor member. Similarly, the electron 
acceptor may include an electrode operable to accept an electron from the 
acceptor member. 

The electric field regulator may include a regulator chromophore, or a 
10 fluorescein, or a rhodamine, for example. The regulator chromophore may 

absorb radiation within a range of wavelengths. 

The electron acceptor may include a chromophore operable to emit radiation 
within a range of wavelengths in response to accepting an electron from the 
acceptor member. The radiation may irradiate a second chromophore in 
1 5 series. 

Any or all of the regulator member, the donor member and the acceptor 
member may include a conductive metal-containing nucleic acid duplex 
portion. 

The method may further include supplying conduction electrons from a 
20 conductive medium to the conductive metal-containing nucleic acid duplex, 

and receiving conduction electrons from the duplex at the conductive medium. 
Supplying may include donating electrons from the conductive medium to the 
electron donor, and receiving may Include accepting electrons from the 
electron acceptor at the conductive medium, to provide a closed circuitway for 
25 electrons to flow from the electron donor, through the donor member, through 
the electric field regulation junction, through the acceptor member, through 
the electron acceptor, and through the conductive medium to the electron 
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donor. The conductive medium may include an aqueous solution, or may 
include a conductive wire, for example. 

Changing the state of the electric field regulator may include irradiating the 
regulator chromophore to cause a negative electrostatic potential to be 
produced and applied to the electric field regulation junction, the negative 
electrostatic potential decreasing the ability of an electron to travel from the 
donor member to the acceptor member. 

The electric field regulator may include an electrode, which may be operable 
to perform at least one of accepting an electron from the acceptor member 
and donating an electron to the donor member. 

Changing the state of the electric field regulator may include depositing an 
electron onto the electrode to produce a negative electrostatic potential 
applied to the electric field regulation junction, the negative electrostatic 
potential decreasing the ability of an electron to travel from the donor member 
to the acceptor member. 

Conversely, changing the state of the electric field regulator may include 
removing an electron fl^om the electrode to produce a positive electrostatic 
potential applied to the electric field regulation junction, the positive 
electrostatic potential increasing the ability of an electron to travel from the 
donor member to the acceptor member. 

The electric field regulator may include a plurality of states, each state of the 
plurality of states being selectable in response to an applied external potential 
to produce a respective electrostatic potential at the electric field regulation 
junction. 

In accordance with another aspect of the invention, there is provided an 
apparatus for regulating an electronic signal between first and second 
locations in a conductive nucleic acid material- The apparatus includes the 
conductive nucleic acid material having the first and second locations, and 
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further includes means for varying an electrostatic potential at a third location 
in the nucleic acid material interposed between the first and second locations. 

The means for varying may include means for selecting one of a plurality of 
states of an electric field regulator in communication with the third location, 
5 each of the states corresponding to a respective electrostatic potential at the 

third location. 

The means for selecting may include means for irradiating the electric field 
regulator. 

Alternatively, the means for selecting may include means for applying an 
1 0 external potential to the electric field regulator. 

The electric field regulator may include an electrode, in which case the means 
for applying may include means for depositing at least one electron onto the 
electrode to apply a negative electrostatic potential to the third location. 

Alternatively, or in addition, the means for applying may include means for 
15 removing at least one electron from the electrode to apply a positive 

electrostatic potential to the third location. 

The apparatus may further include means for producing the electronic signal. 

The first location may include a location in a conductive nucleic acid electron 
donor member, the second location may include a location in a conductive 
20 nucleic acid electron acceptor member, and the third location may include at 

least one electric field regulation junction in electrical communication with the 
donor member and the acceptor member. In such a case, the means for 
varying may include means for varying the electrostatic potential at the at 
least one electric field regulation junction. 

25 The least one electric field regulation junction may be in electrical 
communication with a conductive nucleic acid electric field regulator member. 
If so, the means for varying may include means for selecting one of a plurality 
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of States of an electric field regulator in electrical communication with the 
regulator member, each of the states corresponding to a respective 
electrostatic potential at the at least one electric field regulation junction. 

The means for selecting may include means for in^adiating the electric field 
5 regulator. 

Alternatively, the means for selecting may include means for applying an 
external potential to the electric field regulator. For example, the electric field 
regulator may include an electrode, and the means for applying may include 
means for depositing at least one electron onto the electrode to apply a 

10 negative electrostatic potential to the electric field regulation junction, the 

negative electrostatic potential decreasing the ability of an electron to travel 
from the donor member to the acceptor member. Alternatively, or in addition, 
the means for applying may include means for removing at least one electron 
from the electrode to apply a positive electrostatic potential to the electric field 

15 regulation junction, the positive electrostatic potential increasing the ability of 

an electron to travel from the donor member to the acceptor member. 

In accordance with another aspect of the invention, there is provided an 
apparatus for regulating an electronic signal between first and second 
locations in a conductive nucleic acid material. The apparatus includes an 
20 electric field regulator operable to vary an electrostatic potential at a third 

location in the nucleic acid material interposed between the first and second 
locations. 

The electric field regulator may have a plurality of selectable states, each of 
the states corresponding to a respective electrostatic potential at the third 
25 location. 

The electric field regulator may include an electrode. Alternatively, the electric 
field regulator may include a chromophore, or may include a fluorescent 
molecule such as fluorescein or rhodamine for example, or may be selected 
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from the group consisting of fluorescent molecules and chromophores, for 
example. 

The first location may include a location in a conductive nucleic acid electron 
donor member, the second location may include a location in a conductive 
5 nucleic acid electron acceptor member, and the third location may include at 
least one electric field regulation junction In electrical communication with the 
donor member, the acceptor member, and the electric field regulator. 

The apparatus may further include a regulator member joining the electric 
field regulator to the electric field regulation junction. 

10 In accordance with another aspect of the invention, there is provided a 

method of regulating an electronic signal in a conductive nucleic acid material. 
The method includes varying a degree of electric field regulation at an electric 
field regulation junction at which a regulator member intersects at least one of 
a plurality of members. Each of the regulator member and the plurality of 

15 members includes an oligonucleotide duplex, and at least some of the 

regulator member and the plurality of members includes a conductive metal- 
containing oligonucleotide duplex. The plurality of members includes at least 
one donor member for receiving conduction electrons from an electron donor, 
and at least one acceptor member for communicating with an electron 

20 acceptor to provide a region of attraction for the conduction electrons. 

Varying may include varying an electrostatic potential at the electric field 
regulation junction. 

Varying may include selecting one of a plurality of states of an electric field 
regulator in communication with the electric field regulation junction via the 
25 regulator member. 

Selecting may include irradiating the electric field regulator, or may include 
applying an external potential to the electric field regulator, for example. 
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In accordance with another aspect of the invention, there is provided a 
method V storing data. The method includes selecting one of at least two 
states of an electric field regulator of a nucleic acid circuit element, each of 
the at least two states corresponding to a respective degree of electric field 
5 regulation at an electric field regulation junction in the circuit element, each 
degree of electric field regulation corresponding to a respective data value. 

Selecting may include irradiating the electric field regulator, or may include 
applying an external potential to the electric field regulator, for example. 

The nucleic acid circuit element may include a plurality of members, at least 
10 some of which may include a conductive metal-containing oligonucleotide 

duplex. The plurality of members may include at least one donor member for 
receiving conduction electrons from an electron donor, at least one acceptor 
member for communicating with an electron acceptor to provide a region of 
attraction for the conduction electrons, and at least one regulator member 
15 intersecting with at least one of the plurality of members to define the electric 
field regulation junction, the regulator member being in communication with 
the electric field regulator. In such a case, selecting may include causing the 
electric field regulation junction to apply the degree of electric field regulation 
to the electric field regulation junction, to represent the data value. 

20 In accordance with another aspect of the invention, there is provided an 

organic data storage medium. The medium includes an electric field regulator 
having at least two selectable states, each of the states corresponding to a 
respective degree of electric field regulation at an electric field regulation 
junction of a nucleic acid circuit element, each degree of electric field 

25 regulation corresponding to a respective data value. 

The organic data storage medium may further include the nucleic acid circuit 
element, which in turn may include a plurality of members, at least some of 
which may include a conductive metal-containing oligonucleotide duplex. The 
plurality of members may include at least one donor member for receiving 
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conduction electrons from an electron donor, at least one acceptor member 
for communicating with an electron acceptor to provide a region of attraction 
for the conduction electrons, and at least one regulator member intei^ecting 
'with at least one of the plurality of members to define the electric field 
5 regulation junction, for cooperating with the electric field regulator to apply the 
degree of electric field regulation to the junction, to represent the data value. 

The at least two states may be selectable by irradiating the electric field 
regulator, or by applying an external potential to the electric field regulator, for 
example. 

10 Each of the at least two states may correspond to a respective electrostatic 

potential at the electric field regulation junction. 

In accordance with another aspect of the invention, there is provided an 
apparatus for storing data. The apparatus includes a conductive nucleic acid 
circuit element comprising an electric field regulation junction, and further 
15 includes means for varying a degree of electric field regulation at the electric 

field regulation junction in the circuit element, each degree of electric field 
regulation corresponding to a respective data value. 

The means for varying may include means for varying an electrostatic 
potential at the electric field regulation junction. 

20 Other aspects and features of the present invention will become apparent to 
those ordinarily skilled In the art upon review of the following description of 
specific embodiments of the invention in conjunction with the accompanying 
figures. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

In drawings which illustrate embodiments of the invention, 

Figure 1 is a graphical representation of an organic circuit element 
according to a first embodiment of the invention. 

Figure 2 is a pictorial representation of a modeled structure of M-DNA as 
part of the organic circuit element depicted in Figure 1. 

Figure 3 is a pictorial depiction of a base pair scheme for IVI-DNA shown 
in Figure 2 as part of the organic circuit element of Figure 1, 
according to the first embodiment of the invention. 

Figure 4 is a pictoriai depiction of a base pairing scheme for M-DNA 
shown in Figure 2 as part of the organic circuit element shown in 
Figure 1, according to a second embodiment of the invention. 

Figure 5 is a graphical representation of current voltage characteristics 
measured on M-DNA shown in Figure 2 and B-DNA at room 
temperature. The lower inset shows a schematic diagram of an 
experimental layout used to produce /-V^ characteristics. 

Figures is a graphical representation of an organic circuit element 
according to a third embodiment of the invention. 

Figure? is a graphical representation of an organic circuit element 
according to a fourth embodiment of the invention. 

Figures is a graphical representation of an organic circuit element 
according to a fifth embodiment of the invention. 

Figures is a graphical representation of an organic circuit element 
according to a sixth embodiment of the invention. 
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FigurelO is a graphical representation of an organic circuit element 
according to a seventh embodiment of the invention. 

DETAILED DESCRIPTION 

Referring to Figure 1, an organic circuit element according to a first 
embodiment of the invention is shown generally at 100. In this embodiment, 
the organic circuit element 100 includes a plurality 102 of members, each of 
which includes an oligonucleotide duplex. More particularly, in this 
embodiment the plurality 102 of members includes at least one donor member 
104 for receiving conduction electrons from an electron donor 200, and at 
least one acceptor member 106 for communicating with an electron acceptor 
220 to provide a region of attraction for the conduction electrons. In this 
embodiment, the plurality 102 of members further includes at least one 
regulator member 108 intersecting with at least one of the plurality 102 of 
members to define at least one electric field regulation junction 112, for 
cooperating with an electric field regulator 114 to regulate an electric field at 
the electric field regulation junction 112. 

In this embodiment, at least some of the plurality of members include a 
conductive metal-containing oligonucleotide duplex. More particularly, in this 
embodiment, each of the plurality of members includes a conductive metal- 
containing oligonucleotide duplex. 

In the present embodiment, the plurality 102 of members includes a plurality 
of arms. More particularly, in this embodiment the donor member 104 
includes a donor arm 160 electrically coupled to the electron donor 200 ("D") 
to provide a source of conduction electrons. The acceptor member 106 of the 
present embodiment includes an acceptor arm 140 electrically coupled to the 
electron acceptor 220 ("A") to provide a region of attraction for the conduction 
electrons. In this embodiment, the regulator member 108 includes a 
modulator arm 120 electrically coupled to the electric field regulator 114, 
which in this embodiment includes an electron flow modulator 240 ("M") to 
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regulate the flow of the conduction electrons from the electron donor, through 
the electric field regulation junction 112, to the electron acceptor 220. 

In this embodiment, the donor member 104, the acceptor member 106 and 
the regulator member 108 intersect to define the electric field regulation 
5 junction 112. Thus, In the present embodiment the electric field regulation 
junction 112 includes a conductive junction 180, which fonns a three-arm 
junction connecting the arms 120, 140 and 160, which extend from the 
conductive junction. However, the conductive junction may include more than 
three members in alternative embodiments. 

10 In this embodiment, the organic circuit element 100 includes the electric field 

regulator 114 in electrical communication with the regulator member 108, the 
electron donor 200 in electrical communication with the donor member 104, 
and the electron acceptor 220 in electrical communication with the acceptor 
member 106. 

15 In the present embodiment, the electric field regulator 114 includes a plurality 

of selectable states, each of the states corresponding to a respective 
electrostatic potential at the at least one electric field regulation junction 112. 
More particularly, in the present embodiment, the electric field regulator 114, 
which in this embodiment includes the electron flow modulator 240, has 

20 various states, each state of the plurality of states being selectable in 

response to an applied external potential to produce a respective electrostatic 
potential at the electric field regulation junction 112. Alternatively, the states 
of the electron flow modulator may be selectable or changeable in any other 
suitable way, such as by in-adiating the electron flow modulator for example, 

25 as discussed in greater detail below. 

In various exemplary embodiments, the state of the electron flow modulator 
240 may for example be any macroscopic or microscopic variable effective in 
determining the quantum-mechanical wave function of the electron flow 
modulator. For example, the state of the electron flow modulator 240 may 
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represent the number of electrons added to or removed from the electron flow 
modulator, or the magnitude and/or direction of an external potential applied 
to the electron flow modulator. Moreover, the state of the electron flow 
modulator 240 may represent the orbital level of a valence electron on the 
5 electron flow modulator, or further properties of the orbital, such as a 
degeneracy level. Alternatively or in addition, the state of the electron flow 
modulator 240 may include a total spin of the electrons on the electron flow 
modulator or any other parameter sets indicating the quantum mechanical 
wave function identifying the state of the electron flow modulator. 

10 The state of the electron flow modulator 240 may be selectable or changeable 
to vary an electrostatic potential at the conductive junction 180, joining the 
modulator arm 120, the donor arm 160, and the acceptor arm 140, to regulate 
electron flow or conductivity from the electron donor 200 to the electron 
acceptor 220. The state of the electron flow modulator 240 may be 

15 changeable, for example, by applying an external potential to the electron flow 
modulator or depositing or removing electrons to or from its outer valence 
orbitals. Electron flow may represent an electronic signal, such as electron 
transport as in a DC signal, or a modulated voltage or current signal, or any 
other signal modulated to carry information. Thus, when the state of the 

20 electron flow modulator 240 is changed to vary the electrostatic potential at 

the conductive junction 180, the electron flow or conductivity from the electron 
donor 200 to the electron acceptor 220 through the conductive junction 180 
may be modulated to thereby regulate a signal passed from the electron 
donor arm to the electron acceptor arm. 

25 In this embodiment, the organic circuit element 100 includes a conductive 

nucleic acid material. More particularly, in the present embodiment, each of 
the donor member 104, the regulator member 108 and the acceptor member 
106 includes a conductive metal-containing nucleic acid duplex portion. More 
particularly still, in this embodiment the donor arm 160, the modulator arm 120 
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and the acceptor arm 140 each includes a conductive metal-containing 
oligonucleotide duplex which is able to conduct electrons. 

An example of a conductive metal-containing oligonucleotide duplex ("M- 
DNA") is shown at 300 in Figure 2. In this embodiment, the M-DNA 300 
5 includes a first nucleic acid strand 320 and a second nucleic acid strand 340. 

The first and second nucleic acid strands 320 and 340 include respective 
pluralities of nitrogen-containing aromatic bases 350 and 360, covalently 
linked by a backbone 380. The nitrogen-containing aromatic bases 350 of the 
first nucleic acid strand 320 are joined by hydrogen bonding to the nitrogen- 

10 containing aromatic bases 360 of the second nucleic acid strand 340. The 

nitrogen-containing aromatic bases 350 and 360 on the first and the second 
nucleic acid strands 320 and 340, respectively, form hydrogen bonded base 
pairs 400 in stacked arrangement along a length of the conductive metal- 
containing oligonucleotide duplex 300. The hydrogen-bonded base pairs 400 

15 include an interchelated metal cation 420 coordinated to a nitrogen atom in 

one of the nitrogen-containing aromatic bases 350 or 360. More particularly, 
in this embodiment the interchelated metal cation includes an interchelated 
divalent metal cation. In the present embodiment, the first and second nucleic 
acid strands 320 and 340 respectively include deoxyribonucleic acid and the 

20 nitrogen-containing aromatic bases 350 and 360 are selected from the group 

consisting of adenine, thymine, guanine and cytosine. 

Alternatively, other backbone structures 380 may be effective to appropriately 
align the nitrogen-containing aromatic bases 350, 360 in a stacked 
anrangement capable of chelating metal ions 420 and conducting electrons. 
25 For example, phosphoramlde, phosphorothioate, phosphorodithioate, O- 

methylphosphoroamidite or peptide nucleic acid linkages may be effective to 
form such a backbone. Similarly, other components of the backbone 380 may 
vary, encompassing the deoxyribose moieties, ribose moieties, or 
combinations thereof, for example. 



wo 02/095840 



PCT/CA02/00769 



-28- 

Alternatively, other types of bases may be substituted. For example, the 
nitrogen-containing aromatic bases 350 and 360 may be those that occur in 
native DNA and RNA, and thus, the nitrogen-containing aromatic bases may 
be selected from the group consisting of adenine, thymine, cytosine, guanine 
5 or uracil, or variants thereof such as 5-fluorouricil or 5-bromouracll. 

Alternative aromatic compounds may be utilized, such as aromatic 
compounds capable of interchelating a divalent metal ion coordinated to an 
atom in the aromatic compound, and capable of stacking, to produce a 
conductive metal-containing oligonucleotide duplex. Alternative aromatic 
10 compounds may for example include: 4-acetylcytidine; 5- 

(carboxyhydroxymethyl) uridine; 2'-0-methylcytidine; 5- 
carboxymethylaminomethyl-2-thiouridine; 5- 

carboxymethylaminomethyiuridine; dihydrouridine; 2'-0-methylpseudouridine; 
beta, D-galactosylqueuosine; 2'-0-methylguanosine; inosine; N6- 

15 isopentenyladencsine; 1-methyladenosine; 1-methylpseudouridine; 1- 

methylguanosine; 1-methylinosine; 2,2-dimethylguanosine; 2- 
methyladenoslne; 2-methylguanosine; 3-methylcytidine; 5-methylcytidine; N6- 
methyladenosine; 7-methylguanosine; 5-methylaminomethyluridine; 5- 
methoxyaminomethyl-2-thiouridine; beta, D-mannosylqueuosine; 5- 

20 methoxycarbonylmethyl-2-thiouridine; 5-methoxycarbonylmethyluridine; 5- 

methoxyuridine; 2-methylthio-N6-isopentenyladenosine; N-((9-beta-D- 
ribofuranosyl-2-methylthiopurine-6-yl)carbamoyl)threonine; N-((9-beta-D- 
ribofuranosylpurine-6-yl) N-methycarbamoyI )threonine; uridine-5-oxyacetic 
acid-methylester; uridine-5-oxyacetic acid; pseudouridine; queuosine; 2- 

25 thiocytidine; 5-methyl-2-thiouridine; 2-thiouridine; 4-thiourldine; 5- 

methyluridine; N-((9-beta-D-ribofuranosylpurine-6-yl) - carbamoyl) threonine; 
2'-0-methyl-5-methyluridine; and 2'-0-methylurldine; 3-(3-amino-3-carboxy- 
propyl) uridine; hypoxanthine, 6-methyladenine, 5-me pyrimidines, particularly 
5-methylcytosine (also refenred to as 5-methyl-2'deoxycytosine and often 

30 refenred to in the art as 5-me-C), 5-hydroxymethylcytosine (HMC), glycosyl 

HMC and gentobiosyl HMC. as well as synthetic nucleobases, e.g., 2- 
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aminoadenine, 2-thiouracil, 2-thiothymine, 5-bromouracil, 5- 
hydroxymethyluracil, 8-azaguanine, 7-deazaguanine, (6- 
aminohexyl)adenine and 2,6-diaminopurine. 

In some embodiments, as for example illustrated in Figure 2, the estimated 
5 spacing between the divalent metal ions 420 may be about 3, 4 or 5 A 
(Angstroms). 

The oligonucleotides may include those containing modified backbones, for 
example, phosphorothioates, phosphotriesters, methyl phosphonates, short 
chain alkyi or cycloalkyi intersugar linkages or short chain heteroatomic or 

10 heterocyclic intersugar linkages. In some embodiments, the phosphodiester 

backbone of the oligonucleotide may be replaced with a polyamide backbone, 
the nucleobases being bound directly or indirectly to the aza nitrogen atoms of 
the polyamide backbone (Nielsen et al., Science, 1991, 254, 1497). 
Oligonucleotides may also contain one or more substituted sugar moieties, 

15 such as moieties at the 2' position: OH. SH, SCH3, F, OCN, OCH3 OCH3. 

OCH3 0(CH2)n, CH3, 0(CH2)n. NH2 or 0(CH2)n, CH3 Where n may for example 
be from 1 to about 10; Ci to Cio lower alkyI, alkoxyalkoxy, substituted lower 
alkyI, alkaryl or aralkyi; CI; Br; ON; CF3 ; OCF3 ; 0-, or N-alkyI; 0-, S-, 
or N-alkenyl; SOCH3 ; SO2 CH3 ; ONO2 ; NO2 ; N3 ; NH2 ; heterocycloalkyi; 

20 heterocycloalkaryl; aminoalkylamino; polyalkylamino; substituted silyl; an RNA 

cleaving group; a reporter group; an intercalator; and other substituents 
having similar properties. Similar modifications may also be made at other 
positions on the oligonucleotide, particularly the 3' position of the sugar on the 
3' terminal nucleotide and the 5' position of 5' terminal nucleotide. 

25 Oligonucleotides may also have sugar mimetics such as cyclobutyls in place 

of the pentofuranosyl group. Oligonucleotides may also include, additionally or 
alternatively, nucleobase (often referred to in the art simply as "base") 
modifications or substitutions. 
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If desired, the divalent metal cations may be substituted for imine protons of 
the nitrogen-containing aromatic bases, and the nitrogen-containing aromatic 
bases are selected from the group consisting of thymine and guanine. 

Referring to Figure 3, a base-pairing scheme for the M-DNA 300 according to 
5 the present embodiment is shown generally at 520. In the base-pairing 
scheme 520, at least one of the nitrogen-containing aromatic bases includes 
thymine, having an N3 nitrogen atom, and the divalent metal cation is 
coordinated by the N3 nitrogen atom. More particularly, in this embodiment 
the base-pairing scheme 520 includes a thymine-adenine base pair, and the 

10 divalent metal cation 420 is zinc. Alternatively, the divalent metal cation 420 
may be selected from the group consisting of zinc (Zn^*), cobalt (Co^*) and 
nickel (Ni^"^). Alternatively, other divalent metal ions may be substituted 
depending upon the ability of the ions to participate with the other substituents 
in the formation of a conductive metal-containing oligonucleotide duplex. 

1 5 Altematively, the metal cation may be selected from the group consisting of the 
cations of Li, Be, Na, Mg, Al, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga. 
Ge, As. Rb, Sr, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Cs, Ba, La, 
Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Os, Ir, 
Pt, Au, Hg, Ti, Pb, Bi, Po, Fr. Ra, Ac, Th, Pa, U, Np and Pu. For example, in 

20 some embodiments, varying amounts of metal cations may be incorporated into 

a duplex, such as Zn^*, Ni^"", Co^*, Cd^^ Hg^", Pt^* and Ag^"", where metal ions 
such as Cd^*, Hg^*, Pt^"" and Ag'^^may constitute only a portion of the metal ions 
in the duplex, in effect 'doping' the duplex. The formation of a metal-substituted 
duplex using alternative cations under alternative conditions may be monitored, 

25 for example, using an ethidium bromide fluorescence assay. 

In this embodiment, in the thymine-adenine base pair of the base-pairing 
scheme 520 shown in Figure 3, one nitrogen-containing aromatic base is 
thymine 550 which possesses an N3 nitrogen atom 600. The divalent metal 
cation 420 (which in this embodiment is zinc) is coordinated by the N3 
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nitrogen atom 600 of the thymine 550, where the divalent metal cation zinc is 
substituted for an imine proton of the nitrogen-containing aromatic base. 

Referring to Figure 4, a base-pairing scheme for M-DNA according to a 
second embodiment of the invention is shown generally at 540. In the 
embodiment shown in Figure 4, at least one of the nitrogen-containing 
aromatic bases includes guanine, having an N1 nitrogen atom, and the 
divalent metal cation is coordinated by the N1 nitrogen atom. More 
particularly, in this embodiment the base-pairing scheme 540 includes a 
cytosine-guanine base pair, in which one of the nitrogen-containing aromatic 
bases is guanine 580, which has an N1 nitrogen atom 620. As with the 
embodiment shown in Figure 3, in this embodiment the divalent metal cation 
420 is zinc. Alternatively, the divalent metal cation 420 may be selected from 
the group consisting of zinc (Zn^*). cobalt (Co^"*") and nickel (Ni^*), or may 
include other suitable cations. In this embodiment, the divalent metal cation 
420, which in this embodiment is zinc, is coordinated by the N1 nitrogen atom. 
Alternatively, the divalent metal cation 420 may be complexed between 
aromatic moieties in alternative conformations. In some embodiments, as 
illustrated, the imino protons of each base pair may be replaced by a metal 
ion. 

Referring to Figure 5, the electrical {l-V) characteristics of an M-DNA may be 
measured as shown in Figure 5, and as disclosed in Rakitin et al., 2000. For 
example, M-DNA may be prepared, such as the M-DNA prepared by Rakitin 
et al., from a B-DNA fonm of phage A,-DNA in 0.1 mM Zn^"" at a pH of 9.0, 
having sticky ends which can be utilized to bind each end in tum to an 
individual metallic electrode, such as a source electrode 810 and a drain 
electrode 820, which in this embodiment include gold electrodes (Braun et al., 
1998). 

A schematic testing layout to provide conductivity measurements of M-DNA is 
shown generally at 780 in the inset in Figure 5. In this arrangement, a nucleic 
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acid 800 is placed between the source electrode 810 and the drain electrode 
820 separated by a deep physical gap 840, which may for example have a 
width of 1-30 microns. 

Examples of l-V characteristics measured in vacuum (1.0*^ torr) at room 
5 temperature on samples of M-DNA and B-DNA are shown together generally 

at 700 in Figure 5. A curve corresponding to B-DNA 720 shows a 
semiconductor like plateau (a band gap or conductance gap 740) of about 
200 meV. In contrast, the l-V characteristic for M-DNA 760 shows no 
conductance gap. This is a characteristic difference between metallic and 
10 insulating behavior showing that electrons in M-DNA can conduct current 

down to extremely low voltages while B-DNA cannot. Thus, the qualitative 
difference in l-V characteristics of M-DNA 760 and B-DNA 720 at low bias 
voltages are indicative of a difference in their conduction mechanism. 

In this embodiment, the M-DNA 300 is fomned by annealing and treating a 
plurality of oligonucleotides to form a plurality of members, each member of 
the plurality of members including a pair of the oligonucleotides aligned to 
form a duplex portion. More particularly, in this embodiment the plurality of 
members include the donor member 104, the acceptor member 106, and the 
regulator member 108, and the annealing and treating of the plurality of 
oligonucleotides forms the members in a configuration in which the donor 
member, the acceptor member and the regulator member intersect to define 
the electric field regulation junction 112. 

In the present embodiment, the oligonucleotides are annealed in conditions 
effective to fonm the duplex portion, and are treated in conditions effective to 
25 form the electric field regulation junction. More particularly, in this 
embodiment annealing includes subjecting the plurality of oligonucleotides to 
a basic solution under conditions effective to form the conductive metal- 
containing oligonucleotide duplex portion. In this embodiment, the conditions 
effective to form the conductive metal-containing oligonucleotide or nucleic 



15 



20 
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acid duplex portion are effective to substitute the divalent metal cations for an 
imine proton of a nitrogen containing aromatic base in the conductive metal- 
containing oligonucleotide duplex portion. Thus, in this embodiment, 
producing the conductive metal-containing nucleic acid duplex Includes 
5 subjecting the nucleic acid duplex to a basic solution in the presence of a 
metal cation (which in this embodiment is a divalent metal cation) under 
conditions effective to form the conductive metal-containing nucleic acid 
duplex, wherein the hydrogen-bonded base pairs of the conductive metal- 
containing nucleic acid duplex include an interchelated metal cation 
10 coordinated to a nitrogen atom in one of the nitrogen-containing aromatic 

bases. Similarly, in this embodiment, treating the plurality of oligonucleotides 
. includes subjecting the nucleotides to the basic solution under conditions 
effective to form the electric field regulation junction. In the present 
embodiment, the basic solution has a pH of at least 7. 

15 More generally, the conditions effective to form the M-DNA 300 will vary 

depending on the divalent metal cation 420 or ions used and the nature of the 
nucleic acid strands 320 and 340. Routine assays may be candied out to 
determine appropriate conditions effective for conductive duplex formation, for 
example by varying parameters such as pH, nucleic acid concentration, metal 

20 ion concentration, and the ratio of the metal ion concentration to the nucleic 

acid concentration. In some embodiments, a pH equal to or greater than 7, 
7.5, 8, 8.5 or 9 may be desirable, and a suitable nucleic acid to metal ion ratio 
may be from about 1 :1 .5 to about 1 :2.0, for example. 

In some embodiments, M-DNA 300 may be formed from B-DNA by the 
25 addition of metal ions, such as 0.1 mM Zn^^ or mM NiCIa at an approximate 

pH, such as a pH of 9.0. There may be a concomitant release of protons, so 
that a base such as KOH may be added to maintain the pH at a desired level, 
such as at 8. 
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As is evidenced by tlie conductive behaviour shown in. Figure 5, 
configurations of conductive M-DNA may provide switching functionality of 
current and/or voltage to regulate electronic signals. 

Referring back to Figure 1, in this embodiment the three arms 120, 140 and 
5 160 intersecting to define the conductive junction 180 enable the organic 

circuit element 100 to function as an electric signal regulator. Three-way 
junctions such as the conductive junction 180 may for example be prepared 
from three strands of oligonucleotides 1140, 1160 and 1180, each having 5' 
and 3' ends, the sequences of which may be chosen so that they can only 

10 anneal in the desired configuration. In the embodiment shown In Figure 1, the 

three-way conductive junction 180 was constructed from the three strands of 
oligonucleotides 1140, 1160 and 1180, which in this embodiment include 
three 60-mer oligonucleotides, forming duplex portions (namely, the 
modulator arm 120, the acceptor arm 140, and the donor arm 160) out of 

1 5 pairs of antiparallel oligonucleotides. 

Still referring to Figure 1, in this embodiment, the electron donor 200 Includes 
a first electrode 202 operable to donate an electron to the donor member 104, 
and the electron acceptor 220 includes a second electrode 222 operable to 
accept an electron from the acceptor member 106. Also in this embodiment, 

20 the electric field regulator 1 14, or more particularly the electron flow modulator 
240, includes a third electrode 242. If desired, the third electrode may be 
operated to accept an electron from the acceptor member or to donate an 
electron to the donor member. The electrodes 202, 222 and 242 may Include 
gold electrodes, for example. Gold electrodes may for example be attached 

25 to DNA by Incorporating a thiol at the 5' end in place of the chromophore 

(Wang et al., 1999). A current or voltage may be externally applied to the 
organic circuit element 100 across the donor arm 160 and the acceptor arm 
140. 
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Altematively, the electron donor, electron acceptor and electric field regulator 
need not include electrodes. 

For example, referring to Figures 1 and 6, an organic circuit element 
according to a third embodiment of the invention is shown generally at 900 in 
5 Figure 6. The organic circuit element 900 is generally similar to the organic 

circuit element 100 shown in Figure 1, however, in the embodiment shown in 
Figure 6. the electron donor 200 of the organic circuit element 900 Includes an 
electron donor molecule 204 capable of donating an electron to the donor 
member 104 (which in this embodiment Includes the donor arm 160). In the 

10 present embodiment the electron donor molecule 204 includes a fluorescent 
molecule, or more particularly, a fluorescein. Similarly, the electron acceptor 
220 of the organic circuit element 900 includes an electron acceptor molecule 
224 capable of accepting an electron from the acceptor member 106 (which in 
this embodiment includes the acceptor arm 140). In the present embodiment, 

15 the electron acceptor molecule 224 also Includes a fluorescent molecule, or 
more particularly, a rhodamine. Also In this embodiment, the electric field 
regulator 114, or more particularly the electron flow modulator 240, includes a 
regulator molecule 244 selected from the group consisting of fluorescent 
molecules and chromophores. Thus, in this embodiment, the states of the 

20 electric field regulator 114 may be selected by in^adiating the electric field 

regulator. More particularly, in this embodiment the regulator molecule 244 
includes a fluorescent molecule, such as a fluorescein or a rhodamine, for 
example. Alternatively, other suitable regulator molecules may be substituted. 

Similarly, referring to Figures 1 and 7, an organic circuit element according to 
25 a fourth embodiment of the invention is shown generally at 950 in Figure 7. In 

this embodiment, the electric field regulator 114, or more particularly, the 
electron flow modulator 240, includes a regulator or modulator chromophore 
246, which in this embodiment absorbs radiation within a range of 
wavelengths. Thus, the states of the electric field regulator 114 may be 
30 selected by irradiating the electric field regulator. In this embodiment. 
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irradiating the modulator chromophore 246 causes a negative electrostatic 
potential to be applied to the electric field regulation junction 112, the negative 
electrostatic potential decreasing the ability of an electron to travel from the 
donor member 104 to the acceptor member 106. Similarly, in this 
5 embodiment the electron acceptor 220 includes a chromophore 226 operable 

to emit radiation within a range of wavelengths in response to accepting an 
electron from the acceptor member 1 06. 

Similarly, in other embodiments, the electric field regulator 114, the electron 
donor 200 and the electron acceptor 220 may include any other suitable 

10 combinations or pemiutations of electrodes, fluorescent molecules, 
chromophores, or other suitable molecules. In this regard, fluorescent 
molecules and electrodes may be particularly useful in combination for some 
applications of embodiments of the present invention, due to the ability of 
fluorescent molecules to generate photocurrents when irradiated and 

15 subjected to an applied potential. For example, it has been found that 
fluorescein-labelled M-DNA assembled on a gold electrode and subjected to 
an applied potential of 0.2 volts generates an appreciable photocun"ent of 
approximately 0.03 mA when the fluorescein is irradiated, but does not 
generate any appreciable photocun-ent when the fluorescein is not being 

20 irradiated. (At higher potentials, however, some current may be observed 

regardless of irradiation, due to electrolysis.) Similarly, irradiation of 
chromophore-labelled M-DNA attached to a gold electrode also produces an 
appreciable current. 

In some such exemplary embodiments, the 5* end of each ami 120, 140 and 
25 160 was attached either to fluorescein, rhodamine or a control, not labeled. 

As used herein, a nomenclature for labeled circuit elements may be based on 
identifying each ami 120, 140 and 160 with a letter (F, R, or C) to specify 
whether that ami contains, respectively, fluorescein (F), rhodamine (R) or a 
control (C, no label). Thus, for example, 160F:120C:140R-60 represents three 
30 60-mer oligonucleotide strands 1140, 1160 and 1180 assembled to fomi the 
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conductive junction 180, where fluorescein is the electron donor 200 attached 
to the donor arm 160, rhodamine is the electron acceptor 220 connected to 
the acceptor arm 140, and the electron flow modulator 240 is absent and 
therefore not connected to the modulator arm 120. 

5 The fluorescence of the electron donor 200 of the organic circuit element 100 
may then be measured by fluorescence assay to confirm the conductivity of 
the junction 180. During such an assay, the fluorescence will be quenched if 
there is electron transfer along the M-DNA. through the junction. If, on the 
other hand, there is little conduction along the donor anm 160 and the 

10 acceptor arm 140 (as would be the case if these amis had been formed of B- 

DNA rather than M-DNA for example), the fluorescence of the electron donor 
200 will not be quenched to the same degree. In one such exemplary 
embodiment, the fluorescence of fluorescein acting as the electron donor 200 
was measured for M-DNA 160F:120C:140R-60 and compared to another 

15 exemplary embodiment, 160F:120C:140C-60, which has the same 
configuration except that the latter embodiment does not include rhodamine 
acting as the electron acceptor 220 connected to the acceptor arm 140. The 
fluorescein fluorescence was 40% quenched for the former embodiment 
(160F:120C:140R-60) compared to the latter embodiment (160F:120C:140C- 

20 60), confirming that electrons are transferred from the fluorescein electron 

donor 200 through the donor arm 160 and the conductive junction 180 to the 
acceptor arm 140 and the rhodamine electron acceptor 220. 

Other such exemplary embodiments employing a fluorescent molecule as the 
electron donor 200 may be similarly used to confirm the ability of the electric 

25 field regulator 114 to regulate the electric field at the electric field regulation 
junction 112. For example, two exemplary embodiments, 160F:120R:140R- 
60 and 160F:120F:14bR-60, having a rhodamine or a fluorescein as the 
electron flow modulator 240 connected to the modulator arm 120, were 
separately compared to a control sample, 160F:120C:140R-60. During 

30 respective fluorescence assays, the fluorescein fluorescence was quenched 
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by 60% (160F:120R:140R.60) and 35% (160F:120F:140R-60) relative to the 
control sample. Therefore an electron donor or acceptor, such as fluorescein 
or rhodamine, attached to the modulator ann 120 can alter the conductivity 
between the donor arm 160 through the conductive junction 180 and to the 
5 acceptor arm 140. Thus, the circuit element 100 may act as a switch having 
alternative states. 

More generally, referring to Figures 1, 6 and 7, any of the organic circuit 
elements 100, 900 and 950 (or the other organic circuit elements described in 
greater detail below, for example) may be used to regulate an electronic 

10 signal between first and second locations in a conductive nucleic acid 
material. In this embodiment, the first location may include the electron donor 
200, or alternatively, may be considered to include any location on the donor 
member 104 between the electron donor 200 and the electric field regulation 
junction 112, Similarly, in this embodiment the second location may include 

15 the electron acceptor 220, or any location on the acceptor member 106 
between the electron acceptor 220 and the electric field regulation junction 
112. The electronic signal itself may be produced by causing electrons to flow 
from the first location to the second location, in any suitable way, such as by 
applying a voltage between the electron donor and the electron acceptor, 

20 irradiating the donor and acceptor, and/or supplying electrons to the first 

location and receiving electrons from the second location. 

The regulation of the electronic signal between the first and second locations 
may be achieved by varying an electrostatic potential at a third location in the 
nucleic acid material interposed between the first and second locations. In 

25 the embodiments shown in Figures 1, 6 and 7, the third location includes the 
electric field regulation junction 112. The varying of the electrostatic potential 
may be achieved by selecting one of the plurality of states of the electric field 
regulator 114, which is in communication with the third location, each of the 
states corresponding to a respective electrostatic potential at the third 

30 location. In the case of the organic circuit elements 900 and 950 shown in 
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Figures 6 and 7, selecting one of the states may be achieved by irradiating 
the electric field regulator. This may cause a negative electrostatic potential 
to be applied to the third location, for example. In the case of the organic 
circuit element 100 shown in Figure 1, selecting one of the states may be 
5 achieved by applying an external potential to the electric field regulator 114, or 
more particularly, to the electrode 242. This may include depositing at least 
one electron onto the electrode 242 to apply a negative electrostatic potential 
to the third location, or alternatively, removing at least one electron from the 
electrode 242 to apply a positive electrostatic potential to the third location. A 

10 negative electrostatic potential at the electric field regulation junction 112 

tends to decrease the ability of an electron to travel from the donor member to 
the acceptor member, while a positive electrostatic potential at the junction 
tends to increase its ability to do so. Thus, any of the circuit elements shown 
in Figures 1, 6 and 7 acts as an apparatus for regulating an electronic signal 

15 between first and second locations in a conductive nucleic acid material, the 

apparatus including an electric field regulator operable to vary an electrostatic 
potential at a third location in the nucleic acid material interposed between the 
first and second locations- 
Referring back to Figure 7, in alternative embodiments, a modulator 

20 chromophore 246 may be selected as the electric field regulator 114, so that it 

absorbs irradiation at a wavelength that is different from the wavelengths at 
which both the electron donor and the electron acceptor, such as fluorescein 
and rhodamine, absorb irradiation. Upon selective irradiation of the modulator 
chromophore 246, an electron is excited to a higher energy state on the 

25 modulator chromophore which thus produces a change in the conductivity or 
electrostatic potential (voltage) at the conductive junction 180. In some 
embodiments, a negative electrostatic potential may be established at the 
conductive junction 180 which may impede conductivity or the passage of 
electrons through the conductive junction 180. After some time, the 

30 modulator chromophore 246 may return to a different state, for example an 
excited electron in the chromophore 246 may emit a photon and fall back into 



wo 02/095840 



PCT/CA02/00769 



-40- 

its ground state, thus returning the electrostatic potential or conductivity at the 
conductive junction 180 to its original value (or a further alternative value). In 
this way, the conductive junction 180 may act as a gate to regulate the flow of 
signals or electrons from the donor arm 160 to the acceptor arm 140. In one 
5 embodiment, for example, the conductive junction 180 may act as a gate 
switch which may be In an "on" state when the modulator chromophore is un- 
inradiated and thus allows electrons or a signal to flow from the donor ami 160 
to the acceptor arm 140, and the gate may be in an "ofT state when the 
modulator chromophore 246 is irradiated and its electron is excited to a higher 

10 energy state. Thus, in such embodiments, the organic circuit element 100 

behaves in some ways analogously to a field effect transistor in which the 
electron donor 200 acts as a source electrode, the electron acceptor 220 acts 
as a drain electrode, and the electric field regulator 114 (such as the 
modulator chromophore 246) acts as a gate electrode. The electric field 

15 . regulator 114, acting as a gate electrode, may act to control the effective 
electron diameter of a channel of electron flow flowing from the donor arm 160 
through the conductive junction 180 to the acceptor arm 140. Effectively, the 
flow of electrons from the electron donor 200 (source electrode) is controlled 
by the voltage or change in electrostatic potential applied by the electric field 

20 regulator 114 to the conductive junction 180. The voltage applied to the 

conductive junction (gate) may be regulated or modulated by the electron flow 
modulator 240 and by the modulator arm 120. By regulating the "on" and "off" 
state of the "gate switch" in this manner, to vary the electrostatic potential at 
the conductive junction 180, the organic circuit element 100 may be used to 

25 create, store and erase memory by representing zeros and ones in the 
alternative states. 

Thus, referring to Figure 7 for example, an organic data storage medium is 
shown generally at 960. The storage medium 960 includes the electric field 
regulator 114, which has at least two selectable states, each of the states 
30 conresponding to a respective degree of electric field regulation at an electric 
field regulation junction of a nucleic acid circuit element, each degree of 
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electric field regulation corresponding to a respective data value. In this 
embodiment, the organic data storage medium 960 further includes the 
organic nucleic acid circuit element 950, which in turn includes the donor 
member 104, the acceptor member 106, and the regulator member 108 
5 intersecting with at least one of the plurality of members (in this embodiment, 

intersecting both the donor member and the acceptor member) to define the 
electric field regulation junction 112, for cooperating with the electric field 
regulator 114 to apply the degree of electric field regulation to the junction, to 
represent the data value. 

10 In this embodiment, each of the at least two states of the electric field 

regulator corresponds to a respective electrostatic potential at the electric field 
regulation junction. 

In the present embodiment, the at least two states are selectable by 
irradiating the electric field regulator. More particularly, in this embodiment, 

15 the at least two selectable states include an excited state and a ground state 

of the chromophore 246. The chromophore 246 may be maintained in an 
excited state by irradiating it, to represent, a data value such as a binary "1", 
for example, and may be allowed to revert to its ground state by ceasing such 
irradiation, to represent a data value such as a binary "0", for example. As 

20 discussed above, when the chromophore is in the excited state, the 

electrostatic potential at the electric field regulation junction 112 is altered or 
varied, thereby altering the conductivity at the conductive junction 180. The 
data value so stored may then be "read" in any suitable way. For example, an 
external potential may be applied between the electron donor 200 and the 

25 electron acceptor 220, and the resulting current may be measured, a first 
measured current value being indicative of the excited state representing a 
binary "1", a second measured current value being indicative of the ground 
state representing a binary "0". 
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Referring back to Figure 1, an alternative organic data storage medium may 
include the organic circuit element 100, in which the at least two states are 
selectable by applying an external potential to the electric field regulator 114, 
which in the embodiment shown in Figure 1 includes the electrode 242. 

5 More generally, however, many useful applications other than data, storage 
exist for such methods of regulating an electronic signal in a conductive 
nucleic acid material by varying a degree of electric field regulation at an 
electric field regulation junction, as described above. 

Referring back to Figure 1, a system may be provided, the system including 

10 the organic circuit element 100 and further including a conductive medium 

1190 for supplying conduction electrons to the electron donor 200 and for 
receiving conduction electrons from the electron acceptor 220. In some such 
embodiments, a current may flow when an organic circuit element such as the 
circuit element 100 is included in the conductive medium 1190. The 

15 conductive medium 1190 may be any medium which is operable to donate 

electrons to the electron donor 200 and accept electrons from the electron 
acceptor 220 to provide a closed circuit way for electrons to flow from the 
electron donor 200, through the donor member 104 (in this embodiment, the 
donor arm 160), through the electric field regulation junction 112 (which in this 

20 embodiment includes the conductive junction 180), through the acceptor 

member 106 (which in this embodiment includes the acceptor arm 140), 
through the electron acceptor 220, and back to the electron donor. The 
conductive medium 1190 may include an aqueous solution, for example, to 
provide conduction between the electron donor 200 and the electron acceptor 

25 220. Alternatively, the conductive medium 1190 may include a conductive 

wire, for example, or any other suitable conductive medium may be 
substituted. 

Refening back to Figure 1. in alternative embodiments, not all of the plurality 
102 of members necessarily include a conductive metal-containing 
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oligonucleotide duplex. More particularly, one or nnore of the arms 120, 140 
or 160 may not form a conductive duplex under conditions where one or more 
of the remaining amis, 120, 140 or 160 does form a conductive duplex. In 
one such embodiment, the donor member 104 and the acceptor member 106 
may include such a conductive metal-containing oligonucleotide duplex, while 
one or more other members do not. For example, the modulator arm 120 may 
have a composition which will not fomn a conductive duplex when the donor 
arm 160 and the acceptor arm 140 do fonm a conductive duplex. In this way, 
combinations of B-DNA and M-DNA may be used for portions of the arms 
120, 140 or 160. For example, duplexes containing 5-fluorourlcil may form M- 
DNA while duplexes lacking this base may not, so that the composition of 
nucleic acid strands 1140, 1160 and 1180 may be adapted so that the donor 
arm 160 and the acceptor ami 140 contain a high proportion of 5-fluorouricil. 
in this way, the effect of the modulator 240 on the conductive junction 180 
may be made dependent upon the conditions to which element 100 is 
subjected (dictating whether an arm is in the form of B-DNA or IVI-DNA). 
Similarly, nucleic acid binding proteins may be used to modulate conductivity 
of the arrins 120, 140 and 160. 

In alternative embodiments, the electron flow modulator 240 may be capable 
of absorbing or donating electrons from a conductive medium, while being 
electrically insulated from the conductive junction 180 by a non-conductive 
modulator arm 120. A non-conductive modulator arm 120 may for example 
be formed, as described above, under conditions wherein a conductive duplex 
is formed on the donor arm 160 and the acceptor arm 140, but not on the 
modulator arm 120. 

In alternative embodiments, the organic circuit element 100 may be 
constructed to provide different forms of functionality. The electron acceptor 
220 may, for example, act as a detectable label for conductivity of the circuit 
element 100. For example, the electron acceptor 220 may be a chromophore, 



wo 02/095840 



PCT/CA02/00769 



-44- 

which upon accepting an electron, may emit a photon at a different or 
characteristic wavelength, so that the emitted photon may be detected. 

In alternative embodiments, organic circuit elements may include a plurality of 
donor arms, acceptor arms, or modulator arms. 

5 For example, referring to Figure 8, an organic circuit element according to a 

fifth embodiment of the invention is shown generally at 1200. In this 
embodiment, the plurality 102 of members includes a plurality 1220 of 
regulator members, formed in a configuration in which the plurality 1220 of 
regulator members intersects the plurality 102 of members to define the at 

10 . least one electric field regulation junction 112. More particularly, in this 
embodiment, the organic circuit element 1200 includes the donor arm 160 and 
the acceptor arm 140, both of which intersect at a conductive junction 180 
with a plurality 1222 of electron flow modulator amis, which in turn are 
connected to respective electron flow modulators. The strands of 

15 oligonucleotides used to fomn the organic circuit element 1200 may be chosen 

in the appropriate sequences so that they can only anneal in the desired 
configuration, each strand of oligonucleotides fonming the duplexes which 
make up the modulator arms 1222, the donor ami strand 1160 and the 
acceptor arm strand 1140 typically being aligned anti-parallel. 

20 Advantageously, separate electron flow modulators Mi, M2, M3, ... may be 

used which are each separately responsive to a different condition or signal, 
such as a particular wavelength of light. In this way, the organic circuit 
element 1200 may be used as a detector to detect a particular signal, such as 
a signal or condition inside biological systems. 

25 Referring to Figure 9, an organic circuit element according to a sixth 

embodiment of the invention is shown generally at 1300. In this embodiment, 
the plurality 102 of members includes a common member 1302, which in this 
embodiment includes a circular DNA portion 1360. In the present 
embodiment, the donor member 104, the acceptor member 106 and the 
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regulator member 108 intersect the common member 1302 at first, second 
and third locations (or junctions) 1320, 1340 and 1380 respectively, the third 
location 1380 defining the electric field regulation junction 112. Thus, in this 
embodiment, the donor arm 160 and the acceptor arm 140 are connected at 
5 separate locations or junctions 1320 and 1340 respectively to the circular 
DNA portion 1360. Also in this embodiment, a second regulator member 
1304, which in this embodiment includes a second modulator ami 1306, 
intersects the common member 1302 at a fourth location 1308 defining a 
second electric field regulation Junction. Thus, in this embodiment the organic 

10 circuit element 1300 includes multiple junctions at the locations 1380 and 

1308 connecting to multiple respective electron flow modulators Mi and M2 
which may be the same or different. Thus, in this embodiment the at least 
one electric field regulation junction includes at least two electric field 
regulation junctions (at the locations 1308 and 1380) in electrical 

15 communication with at least two respective electric field regulators, and 

regulation or modulation may be achieved by selecting one of a plurality of 
states of at least one of the two electric field regulators, each of the states 
con^esponding to a respective electrostatic potential at the electric field 
regulation junction corresponding to the at least one of the two regulators. 

20 An organic circuit element according to a seventh embodiment is shown 

generally at 1500 in Figure 10. In this embodiment, the at least one regulator 
member includes a plurality of regulator members, which intersect other 
respective members of the plurality 102 of members to define a plurality of 
respective electric field regulation junctions. In this embodiment, each such 

25 regulator member intersects with one of the donor member and the acceptor 

member to define the electric field regulation junction, rather than intersecting 
, with both the donor member and the acceptor member. More particularly, in 
this embodiment the organic circuit element 1500 includes first, second and 
third regulator members 1502, 1504 and 1506, which in turn include 

30 respective modulator anns 1508, 1510 and 1512. In this embodiment, the 

modulator arms 1508, 1510 and 1512 intersect with respective acceptor arms 



wo 02/095840 



PCT/CA02/00769 



-46- 

1520, 1540 and 1560 to define respective electric field regulation junctions 
1514, 1516 and 1518. Tlie acceptor anms 1520, .1540 and 1560 intersect 
each other and intersect an electron donor arm 160 to define a conductive 
junction 1800. Thus, the organic circuit element 1500 includes multiple 
5 electron flow modulators Wli, M2, M3 and electron flow modulator anr^s 1508, 
1510 and 1512 connected to each acceptor ami of the plurality of acceptor 
arms. It will be appreciated that variations in electrostatic potential at any of 
the electric field regulation junctions 1514, 1516 and 1518 will also result in 
electrostatic potential variations at the conductive junction 1800, which 
10 therefore also effectively acts as an electric field regulation junction. 

It Is noted that organic circuit elements according to some embodiments of the 
invention may be used to detect the presence of a particular nucleic acid 
homologous to a single stranded component of an electron modulator arm. 
Nucleic acid in a sample may for example be labeled to include an electron 

15 flow modulator, such as fluorescein, and the sample may be mixed with 

organic circuit elements having single stranded electron modulator arms, so 
that if a nucleic acid is present in the sample that Is homologous to the single 
stranded modulator arm, it will hybridize. Following hybridization, conditions 
may be adjusted to favor the formation of a conductive duplex in the electron 

20 modulator arm, to bring the label attached to the sample nucleic acid into 

electrical communication with the remainder of the organic circuit element. 
The presence of the conductive electron modulator arm in the circuit element 
may be detected by a change in the conductivity between the electron door 
arm and the electron acceptor arm. 

25 Although various embodiments of the Invention are disclosed herein, many 
adaptations and modifications may be made within the scope of the invention 
in accordance with the common general knowledge of those skilled in this art. 
Such modifications include the substitution of known equivalents for any 
aspect of the invention in order to achieve the same result in substantially the 

30 same way. Numeric ranges are inclusive of the numbers defining the range. In 
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the specification, the word "comprising" is used as an open-ended term, 
substantially equivalent to the phrase "including, but not limited to", and the 
word "comprises" has a corresponding meaning. Citation of references herein 
shall not be construed as an admission that such references are prior art to 
the present invention. All publications, including but not limited to patents and 
patent applications, cited in this specification are incorporated herein by 
reference as if each individual publication were specifically and individually 
indicated to be incorporated by reference herein and as though fully set forth 
herein. The invention Includes, but is not limited to, all embodiments and 
variations substantially as hereinbefore described and with reference to the 
examples and drawings. More generally, while specific embodiments of the 
invention have been described and illustrated, such embodiments should be 
considered illustrative of the invention only and not as limiting the invention as 
construed in accordance with the accompanying claims. 
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What is claimed is: 

1 . An organic circuit element comprising: 

a) a plurality of members, each of which comprises an 
oligonucleotide duplex, said plurality of members comprising: 

i) at least one donor member for receiving conduction 
electrons from an electron donor; 

ii) at least one acceptor member for communicating with an 
electron acceptor to provide a region of attraction for said 
conduction electrons; and 

iii) at least one regulator member intersecting with at least 
one of said plurality of members to define at least one 
electric field regulation junction, for cooperating with an 
electric field regulator to regulate an electric field at the 
junction. 

2. The organic circuit element of claim 1 wherein at least some of said 
members comprise a conductive metal-containing oligonucleotide 
duplex. 

3. The organic circuit element of claim 1 wherein each of said members 
comprises a conductive metal-containing oligonucleotide duplex. 

4. The organic circuit element of claim 1 wherein each of said at least one 
donor member and said at least one acceptor member comprises a 
conductive metal-containing oligonucleotide duplex. 

5. The organic circuit element of claim 2 further comprising said electron 
donor in electrical communication with said donor member. 
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6. The organic circuit element of claim 2 further comprising said electron 
acceptor in electrical communication with said acceptor member. 

7. The organic circuit element of claim 2 further comprising said electric 
field regulator in electrical communication with said regulator member. 

5 8. The organic circuit element of claim 7 further comprising said electron 

donor in electrical communication with said donor member, and further 
comprising said electron acceptor in electrical communication with said 
acceptor member. 

9. The organic circuit element of claim 2 wherein said donor member, 
10 said acceptor member and said regulator member intersect to define 

said electric field regulation junction. 

10. The organic circuit element of claim 2 wherein said regulator member 
intersects with one of said donor member and said acceptor member to 
define said electric field regulation junction. 

15 11. The organic circuit element of claim 2 wherein said plurality of 

members comprises a common member, and wherein said donor 
member, said acceptor member and said regulator member intersect 
said common member at first, second and third locations respectively, 
said third location defining said electric field regulation junction. 

20 12. The organic circuit element of claim 2 wherein said at least one 

regulator member comprises a plurality of regulator members, said 
plurality of regulator members intersecting other respective members of 
said plurality of members to define said at least one electric field 
regulation junction. 

25 13. The organic circuit element of claim 2 wherein said conductive metal- 

containing oligonucleotide duplex comprises a first nucleic acid strand 
and a second nucleic acid strand, said first and said second nucleic 
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acid strands cx)mprising respective pluralities of nitrogen-containing 
aromatic bases covalently linked by a backbone, said nitrogen- 
containing aromatic bases of said first nucleic acid strand being joined 
by hydrogen bonding to said nitrogen-containing aromatic bases of 
5 said second nucleic acid strand, said nitrogen-containing aromatic 

bases on said first and said second nucleic acid strands forming 
hydrogen-bonded base pairs in. stacked arrangement along a length of 
said conductive metal-containing oligonucleotide duplex, said 
hydrogen-bonded base pairs comprising an interchelated metal cation 
10 coordinated to a nitrogen atom in one of said nitrogen-containing 

aromatic bases. 

14. The organic circuit element of claim 13 wherein said interchelated 
metal cation comprises an interchelated divalent metal cation. 

15. The organic circuit element of claim 14 wherein said divalent metal 
15 cation is selected from the group consisting of zinc, cobalt and nickel. 

16. The organic circuit element of claim 13 wherein said metal cation is 
selected from the group consisting of the cations of Li, Be, Na, Mg, At, K, 
Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Rb, Sr, Y, Zr, Nb, 
Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Pm, Sm, 

20 Eu. Gd, Tb, Dy, Ho. Er, Tm, Yb, Lu, Hf, Ta, W, Re. Os, Ir, Pt, Au. Hg, TI, 

Pb. Bi, Po, Fr, Ra. Ac, Th, Pa, U, Np and Pu. 

17. The organic circuit element of claim 14 wherein said first and said 
second nucleic acid strands comprise deoxyribonucleic acid and said 
nitrogen-containing aromatic bases are selected from the group 

25 consisting of adenine, thymine, guanine and cytosine. 

18. The organic circuit element of claim 14 wherein said divalent metal 
cations are substituted for imine protons of said nitrogen-containing 
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aromatic bases, and said nitrogen-containing aromatic bases are 
selected from the group consisting of thymine and guanine. 

19. The organic circuit element of claim 14 wherein at least one of said 
nitrogen-containing aromatic bases comprises thymine, having an N3 

5 nitrogen atom, and said divalent metal cation is coordinated by said N3 

nitrogen atom. 

20. The organic circuit element of claim 14 wherein at least one of said 
nitrogen-containing aromatic bases comprises guanine, having an N1 
nitrogen atom, and said divalent metal cation is coordinated by said N1 

10 nitrogen atom. 

21. The organic circuit element of claim 8 wherein said electron donor 
comprises an electrode operable to donate an electron to said donor 
member. 

22. The organic circuit element of claim 8 wherein said electron acceptor 
15 comprises an electrode operable to accept an electron from said 

acceptor member. 

23. The organic circuit element of claim 8 wherein said electron donor 
comprises an electron donor molecule capable of donating an electron 
to said donor member. 

20 24. The organic circuit element of claim 23 wherein said electron donor 

molecule comprises a fluorescent molecule. 

25. The organic circuit element of claim 24 wherein said electron donor 
molecule comprises fluorescein. 

26. The organic circuit element of claim 8 wherein said electron acceptor 
25 comprises an electron acceptor molecule capable of accepting an 

electron from said acceptor member. 
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27. The organic circuit element of claim 26 wtierein said electron acceptor 
molecule comprises a fluorescent molecule. 

28. The organic circuit element of claim 27 wherein said electron acceptor 
molecule comprises rhodamine. 

29. The organic circuit element of claim 8 wherein said electric field 
regulator comprises a regulator chromophore. 

30. The organic circuit element of claim 8 wherein said electric field 
regulator comprises a fluprescent molecule 

31. The organic circuit element of claim 8 wherein said electric field 
regulator comprises a fluorescein. 

32. The organic circuit element of claim 8 wherein said electric field 
regulator comprises a rhodamine. 

33. The organic circuit element of claim 29 wherein said regulator 
chromophore absorbs radiation within a range of wavelengths. 

34. The organic circuit element of claim 8 wherein said electron acceptor 
comprises a chromophore operable to emit radiation within a range of 
wavelengths in response to accepting an electron from said acceptor 
member. 

35. The organic circuit element of claim 8 wherein said electric field 
regulator comprises an electrode. 

36. The organic circuit element of claim 8 wherein said electric field 
regulator comprises a plurality of states, each state of said plurality of 
states being selectable to produce a respective electrostatic potential 
at said electric field regulation junction. 
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37. The organic circuit element of claim 36 wherein said states are 
selectable in response to an applied external potential. 

38. A system comprising the organic circuit element of claim 8 and further 
comprising a conductive medium for supplying conduction electrons to 

5 said electron donor and for receiving conduction electrons from said 

electron acceptor. 

39. The system of claim 38 wherein said conductive medium is operable to 
donate electrons to said electron donor, and is operable to accept 
electrons from said electron acceptor to provide a closed circuitway for 

10 electrons to flow from said electron donor, through said donor member, 

through said electric field regulation junction, through said acceptor 
member, through said electron acceptor, and back to said electron donor. 

40. The system of claim 39 wherein said conductive medium comprises an 
aqueous solution. 

15 41. The system of claim 39 wherein said conductive medium comprises a 

conductive wire. 

42. A method of making an organic circuit element, the method comprising 
annealing and treating a plurality of oligonucleotides to form a plurality 
of members, each member of said plurality of members comprising a 
20 pair of said oligonucleotides aligned to form a duplex portion, said 

plurality of members comprising: 

a) at least one donor member for receiving conduction 
electrons from an electron donor; 

b) at least one acceptor member for communicating with an 
25 electron acceptor to provide a region of attraction for said 

conduction electrons; and 
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c) at least one regulator member Intersecting with at least 
one of said plurality of members to define at least one 
electric field regulation junction, for cooperating with an 
electric field regulator to regulate an electric field at the 
5 junction. 

43. The method of claim 42 further comprising placing said electron donor 
in electrical communication with said donor member. 

44. The method of claim 42 further comprising placing said electron 
acceptor in electrical communication with said acceptor member. 

10 45. The method of claim 42 further comprising placing said electric field 
regulator in electrical communication with said regulator member. 

46. The method of claim 45 further comprising placing said electron donor 
and said electron acceptor in electrical communication with said donor 
member and said acceptor member, respectively. 

15 47. The method of claim 42 wherein annealing and treating comprise 

annealing and treating said plurality of oligonucleotides to form said 
plurality of members in a configuration in which said donor member, 
said acceptor member and said regulator member intersect to define 
said electric field regulation junction. 

20 48. The method of claim 42 wherein annealing and treating comprise 

annealing and treating said plurality of oligonucleotides to form said 
plurality of members in a configuration in which said regulator member 
intersects with one of said donor member and said acceptor member to 
define said electric field regulation junction. 

25 49. The method of claim 42 wherein said plurality of members comprises a 
common member, and wherein annealing and treating comprise 
annealing and treating said plurality of oligonucleotides to form said 
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plurality of members in a configuration in which said donor member, 
said acceptor member and said regulator member intersect said 
common member at first, second and third locations respectively, said 
third location defining said electric field regulation junction. 

5 50. The method of claim 42 wherein said plurality of members comprises a 

plurality of regulator members, and wherein annealing and treating 
comprise annealing and treating said plurality of oligonucleotides to 
form said plurality of members in a configuration in which said plurality 
of regulator members intersect said plurality of members to define the 
10 at least one electric field regulation junction. 

51. The method of claim 42 wherein annealing comprises annealing said 
plurality of oligonucleotides in conditions effective to form said duplex 
portion, and treating comprises treating said plurality of 
oligonucleotides in conditions effective to form said at least one electric 

1 5 field regulation junction. 

52. The method of claim 42 wherein said oligonucleotides comprise a 
plurality of nitrogen-containing aromatic bases covalently linked by a 
backbone. 

53. The method of claim 52 wherein said oligonucleotides comprise a 
20 deoxyribonucleic acid comprising nitrogen-containing aromatic bases 

selected from the group consisting of adenine, thymine, guanine, 
cytosine, and uracil. 

54. The method of claim 52 wherein said duplex portion comprises a 
conductive metal-containing oligonucleotide duplex portion, said 

25 conductive metal-containing oligonucleotide duplex portion comprising 

a first strand and a second strand of said oligonucleotides, said 
nitrogen-containing aromatic bases of said first strand joined by 
hydrpgen bonding to said nitrogen-containing aromatic bases of said 
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second strand, said nitrogen-containing aromatic bases on said first 
and second strands forming hydrogen-bonded base pairs in stacl<ed 
arrangement along a length of said conductive metal-containing 
oligonucleotide duplex portion, said hydrogen-bonded base pairs 
5 comprising an interchelated metal cation coordinated to a nitrogen 

atom in one of said nitrogen-containing aromatic bases. 

55. The method of claim 54 wherein said interchelated metal cation 
comprises an interchelated divalent metal cation. 

56. The method of claim 55 wherein annealing comprises subjecting said 
10 plurality of oligonucleotides to a basic solution under conditions 

effective to form said conductive metal-containing oligonucleotide 
duplex portion. 

57. The method of claim 56 wherein said conditions effective to form said 
conductive metal-containing oligonucleotide duplex portion are 

15 effective to substitute said divalent metal cations for an imine proton of 

a nitrogen containing aromatic base in said conductive metal- 
containing oligonucleotide duplex portion. 

58. The method of claim 56 wherein said basic solution has a pH of at least 
7. 

20 59. The method of claim 56 wherein said basic solution has a nucleic acid 

to metal ion ratio of about 1 :1 .5 to about 1 :2.0. 

60. The method of claim 55 wherein said divalent metal cation is selected 
from the group consisting of zinc, cobalt and nickel. 

61. The method of claim 54 wherein said metal cation is selected frdm the 
25 group consisting of the cations of Li, Be, Na, Mg, Al, K, Ca, Sc, Ti, V, Cr, 

Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Rb, Sr, Y, Zr, Nb, Mo, Tc, Ru, Rh, 
Pd, Ag, Cd, In, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, 
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Ho, Er, Tm, Yb, Lu. Hf, Ta. W, Re. Os, Ir, Pt, Au. Hg. Tl, Pb, Bi. Po, Fr, 
Ra, Ac, Th, Pa, U, Np and Pu. 

62. The method of claim 55 wherein said divalent metal cations are 
substituted for imine protons of the nitrogen-containing aromatic bases, 

5 and the nitrogen-containing aromatic bases are selected from the 

group consisting of thymine and guanine. 

63. The method of claim 55 wherein at least one of the nitrogen-containing 
aromatic bases comprises thymine, having an N3 nitrogen atom, and 
the divalent metal cation is coordinated by the N3 nitrogen atom. 

10 64. The method of claim 55 wherein at least one of the nitrogen-containing 

aromatic bases comprises guanine, having an N1 nitrogen atom, and 
the divalent metal cation is coordinated by the N1 nitrogen atom. 

65. The method of claim 46 wherein said electron donor comprises an 
electron donor molecule capable of donating an electron to said donor 

15 member. 

66. The method of claim 46 wherein said electron acceptor comprises an 
electron acceptor molecule capable of accepting an electron from said 
acceptor member. 

67. The method of claim 65 wherein said electron donor molecule 
20 comprises a fluorescent molecule. 

68. The method of claim 66 wherein said electron acceptor molecule 
comprises a fluorescent molecule. 

69. The method of claim 67 wherein said electron donor molecule 
comprises fluorescein. 

25 70. The method of claim 68 wherein said electron acceptor molecule 
comprises rhodamine. 
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71. The method of claim 46 wherein said electron donor comprises an 
electrode operable to donate an electron to said donor member. 

72. The method of claim 46 wherein said electron acceptor comprises an 
electrode operable to accept an electron from said acceptor member. 

5 73. The method of claim 46 wherein said electric field regulator comprises 

a regulator chromophore. 

74. The method of claim 46 wherein said electric field regulator comprises 
a fluorescent molecule. 

75. The method of claim 46 wherein said electric field regulator comprises 
10 a fluorescein. 

76. The method of claim 46 wherein said electric field regulator comprises 
a rhodamine. 

77. The method of claim 73 wherein said regulator chromophore absorbs 
radiation within a range of wavelengths. 

15 78. The method of claim 46 wherein said electron acceptor comprises a 
chromophore operable to emit radiation within a range of wavelengths 
in response to accepting an electron from said acceptor member. 

79. The method of claim 42 wherein treating comprises subjecting said 
plurality of oligonucleotides to a basic solution under conditions 

20 effective to form said electric field regulation junction. 

80. The method of claim 46 wherein said electric field regulator comprises 
an electrode. 



81. 



The method of claim 46 wherein said electric field regulator comprises 
a plurality of states, each state of said plurality of states being 
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selectable to produce a respective electrostatic potential at said electric 
field regulation junction. 

82. A method of regulating an electronic signal between first and second 
locations in a conductive nucleic acid material, the method comprising 

5 varying an electrostatic potential at a third location in the nucleic acid 

material interposed between the first and second locations. 

83. The method of claim 82 wherein varying comprises selecting one of a 
plurality of states of an electric field regulator in communication with the 
third location, each of the states corresponding to a respective 

10 electrostatic potential at the third location. 

84. The method of claim 83 wherein selecting comprises irradiating the 
electric field regulator. 

85. The method of claim 83 wherein the electric field regulator is selected 
from the group consisting of fluorescent molecules and chromophores, 

15 and wherein selecting comprises irradiating the electric field regulator. 

86. The method of claim 83 wherein the electric field regulator comprises a 
chromophore. and wherein selecting comprises irradiating the electric 
field regulator. 

87. The method of claim 86 wherein irradiating comprises irradiating the 
20 chromophore to cause a negative electrostatic potential to be applied 

to the third location. 

88. The method of claim 83 wherein selecting comprises applying an 
external potential to the electric field regulator. 

89. The method of claim 83 wherein said electric field regulator comprises 
25 an electrode, and wherein selecting comprises applying an external 

potential to the electrode. 
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90. The method of claim 89 wherein applying comprises depositing at least 
one electron onto said electrode to apply a negative electrostatic 
potential to the third location. 

91. The method of claim 89 wherein applying comprises removing at least 
5 one electron from said electrode to apply a positive electrostatic 

potential to the third location. 

92. The method of claim 83 further comprising producing the electronic 
signal. 

93. The method of claim 92 wherein producing comprises causing 
1 0 electrons to flow from the first location to the second location. 

94. The method of claim 93 further comprising supplying electrons to the 
first location and receiving electrons from the second location. 

95. The method of claim 82 wherein the first location comprises a location 
in a conductive nucleic acid electron donor member, the second 

15 location comprises a location in a conductive nucleic acid electron 

acceptor member, and the third location comprises at least one electric 
field regulation junction in electrical communication with the donor 
member and the acceptor member, and wherein varying comprises 
varying the electrostatic potential at the at least one electric field 

20 regulation junction. 

96. The method of claim 95 wherein the at least one electric field regulation 
junction is in electrical communication with a conductive nucleic acid 
electric field regulator member, and wherein varying comprises 
selecting one of a plurality of states of an electric field regulator in 

25 electrical communication with the regulator member, each of the states 

corresponding to a respective electrostatic potential at the at least one 
electric field regulation junction. 
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97. The method of claim 96 wherein selecting comprises irradiating the 
electric field regulator. 

98. The method of claim 96 wherein the electric field regulator is selected 
from the group consisting of fluorescent molecules and chromophores. 
and wherein selecting comprises irradiating the electric field regulator. 

99. The method of claim 96 wherein the electric field regulator comprises a 
chromophore, and wherein selecting comprises irradiating the electric 
field regulator. 

100. The method of claim 99 wherein irradiating comprises irradiating the 
chromophore to cause a negative electrostatic potential to be applied 
to said electric field regulation junction, said negative electrostatic 
potential decreasing the ability of an electron to travel from said donor 
member to said acceptor member. 

101. The method of claim 96 wherein selecting comprises applying an 
external potential to the electric field regulator. 

102. The method of claim 96 wherein said electric field regulator comprises 
an electrode, and wherein selecting comprises applying an external 
potential to the electrode. 

103. The method of claim 102 wherein applying comprises depositing at 
least one electron onto said electrode to apply a negative electrostatic 
potential to said electric field regulation junction, said negative 
electrostatic potential decreasing the ability of an electron to travel from 
said donor member to said acceptor member. 

104. The method of claim 102 wherein applying comprises removing at least 
one electron from said electrode to apply a positive electrostatic 
potential to said electric field regulation junction, said positive 
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electrostatic potential increasing the ability of an electron to travel from 
said donor member to said acceptor member. 

105. The method of claim 96 further comprising placing the electron donor 
member, the electron acceptor member, and the regulator member in 
electrical communication with an electron donor, an electron acceptor, 
and the electric field regulator, respectively. 

106. The method of claim 95 further comprising producing the electronic 
signal. 

107. The method of claim 106 wherein producing comprises causing 
electrons to flow from an electron donor in communication with the 
electron donor member, to an electron acceptor in communication with 
the electron acceptor member. 

108. The method of claim 107 further comprising supplying electrons to the 
electron donor and receiving electrons from the electron acceptor. 

109. The method of claim 95 wherein the at least one electric field regulation 
junction comprises at least two electric field regulation junctions in 
electrical communication with at least two respective electric field 
regulators, and wherein varying comprises selecting one of a plurality 
of states of at least one of the at least two electric field regulators, each 
of the states corresponding to a respective electrostatic potential at the 
electric field regulation junction corresponding to the at least one of the 
at least two electric field regulators. 

110. The method of claim 82 wherein the conductive nucleic acid material 
comprises a plurality of members, each of which comprises a 
conductive metal-containing oligonucleotide duplex, said plurality of 
members comprising at least one donor member for receiving 
conduction electrons from an electron donor, at least one acceptor 
member for communicating with an electron acceptor to provide a 



wo 02/095840 PCT/CA02/00769 



-64- 

region of attraction for said conduction electrons, and at least one 
regulator member intersecting with at least one of said plurality of 
members to define at least one electric field regulation Junction, for 
cooperating with an electric field regulator to regulate an electric field at 
5 the junction; and wherein varying comprises selecting one of a plurality 

of states of the electric field regulator, each of the states corresponding 
to a respective electrostatic potential at the electric field regulation 
junction. 

111. The method of claim 82 wherein the conductive nucleic acid material 
comprises a conductive metal-containing nucleic acid duplex, said 
conductive metal-containing nucleic acid duplex comprising a regulator 
member in electrical communication with an electric field regulator, a 
donor member in electrical communication with an electron donor, and 
an acceptor member in electrical communication with an electron 
acceptor, and wherein varying comprises changing a state of said 
electric field regulator to vary an electrostatic potential at an electric 
field regulation junction joining said regulator member, said donor 
member, and said acceptor member, to regulate the signal. 

112. The method of claim 111 wherein said conductive metal-containing 
20 nucleic acid duplex comprises a nucleic acid duplex comprising a first 

nucleic acid strand and a second nucleic acid strand, said first and said 
second nucleic acid strands comprising respective pluralities of 
nitrogen-containing aromatic bases covalently linked by a backbone, 
said nitrogen-containing aromatic bases of said first nucleic acid strand 
25 being joined by hydrogen bonding to said nitrogen-containing aromatic 

bases of said second nucleic acid strand, said nitrogen-containing 
aromatic bases on said first and said second nucleic acid strands 
forming hydrogen-bonded base pairs in stacked arrangement along a 
length of said nucleic acid duplex. 



10 



15 
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113. The method of claim 112 further comprising producing said conductive 
metal-containing nucleic acid duplex. 

114. The method of claim 113 wherein producing comprises subjecting said 
nucleic acid duplex to a basic solution in the presence of a metal cation 
under conditions effective to form said conductive metal-containing 
nucleic acid duplex, wherein said hydrogen-bonded base pairs of said 
conductive metal-containing nucleic acid duplex comprise an 
interchelated metal cation coordinated to a nitrogen atom in one of said 
nitrogen-containing aromatic bases. 

115. The method of claim 113 wherein producing comprises subjecting said 
nucleic acid duplex to a basic solution in the presence of a divalent 
metal cation under conditions effective to form said conductive metal- 
containing nucleic acid duplex, wherein said hydrogen-bonded base 
pairs of said conductive metal-containing nucleic acid duplex comprise 
an interchelated divalent metal cation coordinated to a nitrogen atom in 
one of said nitrogen-containing aromatic bases. 

116. The method of claim 115 wherein said nucleic acid duplex comprises a 
deoxyribonucleic acid duplex comprising nitrogen-containing aromatic 
bases selected from the group consisting of adenine, thymine, guanine 
and cytosine. 

117. The method of claim 115 wherein said conditions effective to fomri said 
conductive metal-containing nucleic acid duplex are effective to 
substitute said divalent metal cations for an imine proton of a nitrogen 
containing aromatic base in said nucleic acid duplex. 

118. The method of claim 115 wherein said divalent metal cation is selected 
from the group consisting of zinc, cobalt and nickel. 

119. The method of claim 114 wherein said metal cation is selected from the 
group consisting of the cations of Li, Be, Na. Mg, Al. K. Ca. Sc, Ti, V, Cr, 
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Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Rb, Sr. Y, Zr, Nb, Mo, To, Ru, Rh, 
Pd, Ag, Cd, In, Sn, Sb, Cs, Ba, La, Ce. Pr, Nd. Pm. Sm. Eu, Gd, Tb. Dy, 
Ho, Er. Tm. Yb, Lu, Hf, Ta. W, Re, Os, Ir, Pt, Au, Hg, Tl, Pb, Bi. Po. Fr, 
Ra, Ac, Th, Pa, U, Np and Pu. 

120. The method of claim 114 wherein said basic solution has a pH of at 
least 7. 

121. The method of claim 114 wherein said basic solution has a nucleic acid 
to metal ion ratio of about 1 :1 .5 to about 1 :2.0. 

122. The method of claim 111 wherein said electron donor comprises an 
electron donor molecule capable of donating an electron to said donor 
member. 

123. The method of claim 111 wherein said electron acceptor comprises an 
electron acceptor molecule capable of accepting an electron from said 
acceptor member. 

124. The method of claim 122 wherein said electron donor molecule 
comprises a fluorescent molecule. 

125. The method of claim 123 wherein said electron acceptor molecule 
comprises a fluorescent molecule. 

126. The method of claim 124 wherein said electron donor molecule 
comprises fluorescein. 

127. The method of claim 125 wherein said electron acceptor molecule 
comprises rhodamine. 

128. The method of claim 111 wherein said electron donor comprises an 
electrode operable to donate an electron to said donor member. 
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129. The method of claim 111 wherein said electron acceptor comprises an 
electrode operable to accept an electron from said acceptor member. 

130. The method of claim 111 wherein said electric field regulator comprises 
a regulator chromophore. 

131 . The method of claim 111 wherein said electric field regulator comprises 
a fluorescent molecule. 

132. The method of claim 111 wherein said electric field regulator comprises 
a fluorescein. 

1 33. The method of claim 111 wherein said electric field regulator comprises 
a rhodamine. 

134. The method of claim 130 wherein said regulator chromophore absorbs 
radiation within a range of wavelengths. 

135. The method of claim 111 wherein said electron acceptor comprises a 
chromophore operable to emit radiation within a range of wavelengths 
in response to accepting an electron from said acceptor member. 

136. The method of claim 112 wherein said regulator member comprises a 
conductive metal-containing nucleic acid duplex portion. 

137. The method of claim 112 wherein said donor member comprises a 
conductive metal-containing nucleic acid duplex portion. 

138. The method of claim 112 wherein said acceptor member comprises a 
conductive metal-containing nucleic acid duplex portion. 

139. The method of claim 111 further comprising supplying conduction 
electrons from a conductive medium to the conductive metal-containing 
nucleic acid duplex, and receiving conduction electrons firom the duplex 
at the conductive medium. 
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140. The method of claim 139 wherein supplying comprises donating 
electrons from the conductive medium to said electron donor and 
wherein receiving comprises accepting electrons from said electron 
acceptor at the conductive medium, to provide a closed circuitway for 
electrons to flow from said electron donor, through said donor member, 
through said electric field regulation junction, through said acceptor, 
member, through said electron acceptor, and through the conductive 
medium to said electron donor. 

141. The method of claim 140 wherein said conductive medium comprises 
an aqueous solution. 

142. The method of claim 140 wherein said conductive medium comprises a 
conductive wire. 

143. The method of claim 134 wherein changing the state of said electric 
field regulator comprises irradiating said regulator chromophore to 
cause a negative electrostatic potential to be produced and applied to 
said electric field regulation junction, said negative electrostatic 
potential decreasing the ability of an electron to travel from said donor 
member to said acceptor member. 

144. The method of claim 111 wherein said electric field regulator comprises 
an electrode. 

145. The method of claim 111 wherein said electric field regulator comprises 
an electrode, and wherein changing the state of said electric field 
regulator comprises depositing an electron onto said electrode to 
produce a negative electrostatic potential applied to said electric field 
regulation junction, said negative electrostatic potential decreasing the 
ability of an electron to travel from said donor member to said acceptor 
member. 
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146. The method of claim 111 wherein said electric field regulator comprises 
an electrode, and wherein changing the state of said electric field 
regulator comprises removing an electron from said electrode to 
produce a positive electrostatic potential applied to said electric field 
regulation junction, said positive electrostatic potential increasing the 
ability of an electron to travel from said donor member to said acceptor 
member. 

147. The method of claim 111 wherein said electric field regulator comprises 
a plurality of states, each state of said plurality of states being 
selectable in response to an applied external potential to produce a 
respective electrostatic potential at said electric field regulation 
junction. 

148. An apparatus for regulating an electronic signal between first and 
second locations in a conductive nucleic acid material, the apparatus 
comprising: 

a) the conductive nucleic acid material having the first and second 
locations; and 

b) means for varying an electrostatic potential at a third location in 
the nucleic acid material interposed between the first and 
second locations. 

149. The apparatus of claim 148 wherein said means for varying comprises 
means for selecting one of a plurality of states of an electric field 
regulator in communication with the third location, each of the states 
corresponding to a respective electrostatic potential at the third 
location. 

150. The apparatus of claim 149 wherein said means for selecting 
comprises means for in-adiating the electric field regulator. 
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151. The apparatus of claim 149 wherein said means for selecting 
comprises means for applying an external potential to the electric field 
regulator. 

152. The apparatus of claim 151 wherein said electric field regulator 
comprises an electrode, and wherein said means for applying 
comprises means for depositing at least one electron onto said 
electrode to apply a negative electrostatic potential to the third location. 

153. The apparatus of claim 151 wherein said electric field regulator 
comprises an electrode, and wherein said means for applying 
comprises means for removing at least one electron from said 
electrode to apply a positive electrostatic potential to the third location. 

154. The apparatus of claim 148 further comprising means for producing the 
electronic signal. 

155. The apparatus of claim 148 wherein the first location comprises a 
location in a conductive nucleic acid electron donor member, the 
second location comprises a location in a conductive nucleic acid 
electron acceptor member, and the third location comprises at least 
one electric field regulation junction in electrical communication with 
the donor member and the acceptor member, and wherein said means 
for varying comprises means for varying the electrostatic potential at 
the at least one electric field regulation junction. 

156. The apparatus of claim 155 wherein the at least one electric field 
regulation junction is in electrical communication with a conductive 
nucleic acid electric field regulator member, and wherein said means 
for varying comprises means for selecting one of a plurality of states of 
an electric field regulator in electrical communication with the regulator 
member, each of the states corresponding to a respective electrostatic 
potential at the at least one electric field regulation junction. 
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157. The apparatus of claim 156 wherein said means for selecting 
comprises means for in^adiatlng the electric field regulator. 

158. The apparatus of claim 156 wherein said means for selecting 
comprises means for applying an external potential to the electric field 

5 regulator. 

159. The apparatus of claim 158 wherein said electric field regulator 
comprises an electrode, and wherein said means for applying 
comprises means for depositing at least one electron onto said 
electrode to apply a negative electrostatic potential to said electric field 

10 regulation junction, said negative electrostatic potential decreasing the 

ability of an electron to travel from said donor member to said acceptor 
member. 

160. The apparatus of claim 158 wherein said electric field regulator 
comprises an electrode, and wherein said means for applying 

15 comprises means for removing at least one electron from said 

electrode to apply a positive electrostatic potential to said electric field 
regulation junction, said positive electrostatic potential increasing the 
ability of an electron to travel from said donor member to said acceptor 
member. 

20 161. The apparatus of claim 1 55 further comprising means for producing the 

electronic signal. 

162. An apparatus for regulating an electronic signal between first and 
second locations in a conductive nucleic acid material, the apparatus 
comprising an electric field regulator operable to vary an electrostatic 
25 potential at a third location In the nucleic acid material interposed 

between the first and second locations. 
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163. The apparatus of claim 162 wherein said electric field regulator has a 
plurality of selectable states, each of the states corresponding to a 
respective electrostatic potential at the third location. 

164. The apparatus of claim 162 wherein said electric field regulator 
comprises an electrode. 

165. The apparatus of claim 162 wherein said electric field regulator is 
selected from the group consisting of fluorescent molecules and 
chromophores. 

166. The apparatus of claim 162 wherein said electric field regulator 
comprises a chromophore. 

167. The apparatus of claim 162 wherein said electric field regulator 
comprises a fluorescent molecule. 

168. The apparatus of claim 162 wherein said electric field regulator 
comprises a fluorescein. 

169. The apparatus of claim 162 wherein said electric field regulator 
comprises a rhodamine. 

170. The apparatus of claim 162 wherein the first location comprises a 
location in a conductive nucleic acid electron donor member, the 
second location comprises a location in a conductive nucleic acid 
electron acceptor member, and the third location comprises at least 
one electric field regulation junction in electrical communication with 
the donor member, the acceptor member, and said electric field 
regulator. 

171. The apparatus of claim 170 further comprising a regulator member 
joining said electric field regulator to said electric field regulation 
junction. 
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172.. A method of regulating an electronic signal in a conductive nucleic acid 
material, the method comprising varying a degree of electric field 
regulation at an electric field regulation junction at which a regulator 
member intersects at least one of a plurality of members, each of said 
regulator member and said plurality of members comprising an 
oligonucleotide duplex and at least some of said regulator member and 
said plurality of members comprising a conductive metal-containing 
oligonucleotide duplex, said plurality of members comprising at least 
one donor member for receiving conduction electrons from an electron 
donor, and at least one acceptor member for communicating with an 
electron acceptor to provide a region of attraction for said conduction 
electrons. 

173. The method of claim 172 wherein varying comprises varying an 
electrostatic potential at said electric field regulation junction. 

174. The method of claim 172 wherein varying comprises selecting one of a 
plurality of states of an electric field regulator in communication with the 
electric field regulation junction via the regulator member. 

175. The method of claim 174 wherein selecting comprises irradiating the 
electric field regulator. 

176. The method of claim 174 wherein selecting comprises applying an 
external potential to the electric field regulator. 

177. A method of storing data, the method comprising selecting one of at 
least two states of an electric field regulator of a nucleic acid circuit 
element, each of said at least two states corresponding to a respective 
degree of electric field regulation at an electric field regulation junction 
in the circuit element, each said degree of electric field regulation 
corresponding to a respective data value. 
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178. The method of claim 177 wherein selecting comprises irradiating the 
electric field regulator. 

179. The method of claim 177 wherein selecting comprises applying an 
external potential to the electric field regulator, 

180. The method of claim 177 wherein said nucleic acid circuit element 
comprises a plurality of members, at least some of which comprise a 
conductive metal-containing oligonucleotide duplex, said plurality of 
members comprising at least one donor member for receiving 
conduction electrons from an electron donor, at least one acceptor 
member for communicating with an electron acceptor to provide a 
region of attraction for said conduction electrons, and at least one 
regulator member intersecting with at least one of said plurality of 
members to define said electric field regulation junction, said regulator 
member being in communication with said electric field regulator, and 
wherein selecting comprises causing said electric field regulation 
junction to apply said degree of electric field regulation to the electric 
field regulation junction, to represent said data value. 

181. The method of claim 180 wherein causing comprises selecting one of a 
plurality of states of said electric field regulator, each of said states 
corresponding to a respective electrostatic potential at said electric field 
regulation junction. 

182. An organic data storage medium comprising an electric field regulator 
having at least two selectable states, each of the states corresponding 
to a respective degree of electric field regulation at an electric field 
regulation junction of a nucleic acid circuit element, each said degree 
of electric field regulation corresponding to a respective data value. 

183. The organic data storage medium of claim 182 further comprising said 
nucleic acid circuit element, said nucleic acid circuit element 
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comprising a plurality of members, at least some of which comprise a 
conductive metal-containing oligonucleotide duplex, said plurality of 
members comprising: 

a) at least one donor member for receiving conduction electrons 
from an electron donor; 

b) at least one acceptor member for communicating with an 
electron acceptor to provide a region of attraction for said 
conduction electrons; and 

c) at least one regulator member intersecting with at least one of 
said plurality of members to define said electric field regulation 

junction, for cooperating with said electric field regulator to apply 
said degree of electric field regulation to said junction, to 
represent said data value. 

184. The organic data storage medium of claim 182 wherein said at least 
two states are selectable by irradiating said electric field regulator. 

185. The organic data storage medium of claim 182 vif herein said at least 
two states are selectable by applying an extemal potential to said 
electric field regulator. 

186. The organic data storage medium of claim 183 wherein each of said at 
least two states corresponds to a respective electrostatic potential at 
said electric field regulation junction. 

1 87. An apparatus for storing data, the apparatus comprising: 

a) a conductive nucleic acid circuit element comprising an electric 
field regulation junction; and 

b) means for varying a degree of electric field regulation at said 
electric field regulation junction in said circuit element, each said 
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degree of electric field regulation corresponding to a respective 
data value. 

188. The apparatus of claim 187 wherein said means for varying comprises 
means for varying an electrostatic potential at the electric field 
regulation junction. 
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